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ABSTRACT 
This dissertation presents work that aims to address limitations of and 
improve current small molecule analysis methods as well as to apply small molecule 
mass spectrometry (MS) methods to study biological systems.  The first chapter 
consists of a general introduction to MS methods for metabolomics experiments, 
including chromatography-based methods as well as matrix-assisted laser 
desorption ionization (MALDI)-MS and mass spectrometry imaging (MSI).  The sixth 
and final chapter summarizes the work presented in this dissertation and also 
discusses future directions. 
The second chapter presents work that utilizes mass spectrometry methods 
to identify biomarkers in the FERONIA signaling pathway in Arabidopsis thaliana.  
Wild-type Arabidopsis leaves are compared to tDNA knockouts of FERONIA (fer 
mutant) leaves, and the Arabidopside family of metabolites is determined to be 
significantly enriched in the mutant. Related phytohormones are investigated and 
levels with and without wounding are compared to the changes in Arabidopside 
compounds after mechanical wounding. Finally the cellular-level localization of 
Arabidopsides within leaf tissue is determined using MALDI-MSI experiments. 
The third chapter illustrates a data acquisition method which allows both MS 
and MS/MS information to be obtained in-parallel without sacrificing spatial 
resolution for MSI experiments.  This study demonstrates that collecting multiple 
data sets at the same tissue position, which preserves spatial resolution, is possible, 
provided enough matrix is present.  Utilizing this method allows MS spectra, 
informative MS/MS, and high-resolution spatial information through MSI to be 
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collected in one instrument run on one tissue sample, thus increasing the 
information obtained. 
The fourth chapter describes the study of six metals applied via sputter 
coating for their efficiency as MALDI matrices.  The noble metal matrices, Au, Ag, 
and Pt, were highly effective matrices for a broad range of metabolites, and in 
general out-performed the traditional organic matrices DHB and DAN in positive and 
negative ion modes, respectively. Additionally as sputter coated metals have little to 
no background and can be homogenously applied, these are highly useful matrices 
for small molecule MSI experiments, and so we demonstrate this by applying sputter 
coated matrices to high spatial resolution imaging of maize root cross-sections. 
The fifth chapter discusses the development and optimization of a microarray 
platform for high-throughput metabolomics experiments using MALDI-MS.  Five 
matrices that provide broad metabolite coverage were selected and used to analyze 
turkey gut microbiome samples with and without antibiotic treatment.  Gut extract 
samples from turkeys that had received no antibiotics, sub-therapeutic levels of 
antibiotics, or therapeutic levels of antibiotics across several developmental time-
points were studied using this microarray, which allowed distinct metabolite profiles 
to be discovered.  
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CHAPTER 1.    GENERAL INTRODUCTION 
Introduction to Mass Spectrometry 
 Mass spectrometry (MS) is a powerful technique for chemical analysis of a 
variety of samples, including samples of biological relevance.  MS is versatile, 
sensitive, label-free, and is generally applicable to a wide range of compounds.  
Biological systems are one important field that is studied using mass spectrometry 
and some applications include host and microbiota interactions1, detection of acute 
cellular renal allograft rejection2, germination of maize seeds3, and cardiovascular 
disease markers4.  There are many MS-based metabolomics platforms and their 
relative advantages and limitations are discussed in detail in reviews5, 6. 
 Traditional metabolomics analyses involve chromatography-based platforms 
coupled to mass spectrometry, such as liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) or gas chromatography (GC)-MS using electrospray 
ionization (ESI) or electron ionization (EI), respectively.  These methods provide 
chemical identifications and allow quantification of molecular species of interest.  
However, sample homogenization is often required for these methods, which results 
in a lack of spatial information that can be critical to the understanding of complex 
biological systems.  Biological imaging methods do exist, such as fluorescence 
imaging or immunohistochemistry, but these require chemical labeling and therefore 
a priori knowledge of targets, and additionally these methods are particularly difficult 
for small molecules. Mass spectrometry imaging (MSI) is an alternative approach to 
biological optical-based imaging as it is chemically specific and does not require any 
labeling.  This enables any compound on the tissue to be imaged, and so 
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simultaneous imaging of hundreds of compounds is possible.  MSI, however, is 
relatively low-throughput and many individual samples would need to be run to 
account for biological variation.  Traditional chromatography-based tools, although 
lacking metabolite localization information, have the benefit of allowing several 
biological replicates to be combined into a single sample, which can mediate 
biological variation in discovery type experiments.  
 One common ionization method for MSI is matrix assisted laser 
desorption/ionization (MALDI), although others are also used and more detailed 
comparisons can be found in several reviews7, 8.  MALDI-MSI has been used to 
study metabolite distributions in a variety of tissue types, such as thylakoid 
membrane lipids in maize9 and metabolites and lipids in prostate cancer10.  One 
important aspect of a MALDI experiment is the choice of matrix; the types of 
compounds that can be efficiently desorbed and ionized depend on the matrix 
selection.  The exact effect of matrices on the desorption/ionization process is not 
well understood, however it is well established that different matrices preferentially 
ionize different classes of compounds11.  Traditional matrices include small organic 
compounds, such as α-cyano-4-hydroxycinnamic acid (CHCA), 2,5-
dihydroxybenzoic acid (DHB), and 1,5-diaminonaphthalene (DAN).   
More recently, inorganic nanoparticle (NP) matrices such as Ag or Au NPs, 
Fe3O4 NPs, TiO2 NPs, and carbon-based NPs have gained popularity12.  NP 
matrices are particularly useful for small molecule analysis as they have little to no 
matrix background, whereas this is commonly an issue for organic matrices.  NPs 
have many benefits as matrices, however metal NP suspensions often suffer from 
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aggregation when not capped with organic compounds.  Capping NPs can 
sometimes result in interference and ion suppression for small molecule analysis 
and so is not ideal for all cases13, 14.  Another method to utilize metal NPs is to create 
them in situ using sputter coating (physical vapor deposition) 15, 16.  This method is 
fast, homogenous, and circumvents the aggregation issue present with suspensions 
and increases the number of available matrices for MALDI analyses. 
 Utilizing a wide range of matrices would enable a broad range of metabolite 
classes to be efficiently analyzed using MALDI.  In comparison to chromatography-
based methods, MALDI-MS is a very high-throughput method, thus allowing data for 
many samples to be quickly acquired.  Data for each sample can be acquired in a 
few minutes or less versus approximately 20-40 minutes per chromatography 
experiment.  Historically, interference from matrix ions in the low mass region has 
limited the use of MALDI for these types of analyses, however better and more 
efficient matrices are continuously being developed.  MALDI-MS has been 
previously demonstrated for high-throughput analyses of various samples such as 
drug metabolites in hair17 and small molecules and proteins in enzyme assays18.  
However, more efforts are still needed to grow this method to the same reliability 
and maturity as chromatography methods.    
 Studies focusing on small molecules specifically (i.e. metabolomics 
experiments) have been less prevalent until more recently, and through these 
analyses it is becoming increasingly apparent that small molecules play important 
roles in biological systems5.  MS-based proteomic methods, as well as genomic 
sequencing methods, give a wealth of information regarding the proteins and genes 
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involved, however they only present a limited understanding of complex biological 
processes. In addition to proteomic, transcriptomic, and genomic studies, small 
molecules (metabolomics studies) represent an important component of the big 
picture, and the addition of this information allows a more complete understanding of 
the studied biological system. The recent interest in metabolomics analyses has 
highlighted that much improvement is needed to facilitate large-scale and high-
throughput metabolomics studies and to advance them to the same maturity as 
genomics tools.  In order for metabolomics studies to provide us with critical new 
information, new methodologies and techniques will need to be developed, 
optimized, and applied5.   
The focus of this thesis will describe steps to advance metabolomics analyses 
using both mass spectrometry and mass spectrometry imaging. The following work 
will describe novel data acquisition methods for MSI and high-throughput MALDI 
analyses, comparison of matrices for small molecule analysis, and applications of 
small molecule analysis methods to further our biological understanding. 
    
General Workflow/Procedural Overview 
The workflow for a typical ESI-LC-MS experiment, MALDI-MS experiment, 
and MALDI-MSI experiment are briefly described below.  In-depth procedural details 
for these experiments can be found in protocol books19-22. 
For ESI-LC-MS and MALDI-MS experiments, chemical compounds of interest 
are often extracted from tissue samples using a solid-liquid extraction procedure, as 
in the case of this dissertation. Typically this involves tissue homogenization, 
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addition of suitable solvents and internal standards, vortexing and/or sonicating, and 
centrifugation.  Extracted samples are typically dried and re-suspended in 
compatible solvents for the analysis method.  For ESI analysis, samples are then 
directly injected or analyzed using an optimized gradient for LC separation.  For 
MALDI-MS analyses, extracts are pipette-spotted on a suitable MALDI plate followed 
by application of a matrix solution. Matrix solutions can be spotted, sprayed using a 
commercial or oscillating capillary sprayer23, or sublimated24. 
For MSI experiments, samples can be prepared in several ways.  The most 
common method involves cryo-sectioning (Figure 1A).  In this method the tissue of 
interest is placed into a plastic mold and surrounded with an embedding medium, 
such as gelatin.  The mold containing the tissue and embedding medium is then 
floated on liquid nitrogen.  After freezing, the resulting tissue/embedding medium 
block is transferred to a pre-cooled cryostat and allowed to equilibrate.  Sections, 
typically 5-50µm, are collected onto adhesive tape or thaw mounted directly onto 
glass slides.  Samples are stored in the freezer until use.  For analysis samples are 
first brought to room temperature under vacuum. 
A second sample preparation method used in this dissertation involves dry-
fracturing (Figure 1B), typically with leaves25.  Leaves are placed on packing tape 
and dried under vacuum.  The tape is then folded in half to seal the leaf inside, 
passed through a rolling mill, and ripped apart, thus exposing the internal tissue of 
the leaf. 
Following any method of sample preparation, a matrix is applied using a 
number of techniques, as mentioned above.  Following this, the sample is inserted 
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into the mass spectrometer.  The laser is rastered across the area of interest 
(defined in the instrument software) and a spectrum is collected at each position.  A 
software program is then used to create heat map style images where for a 
particular m/z value, the intensity at each position is displayed. 
 
Dissertation Organization 
There are a total of six chapters in this dissertation.  Chapter one, above, 
provides an overview of mass spectrometry for the analysis of small molecules as 
context for the presented work, including methodologies for traditional 
chromatography experiments (LC-ESI-MS) and for MALDI-MS as well as MSI 
studies.  It also discusses current limitations, and our studies aim to address these 
considerations through novel data acquisition methods, matrix studies, and 
applications to biological samples.  Chapter 2 is a submitted manuscript that 
demonstrates and leverages the capabilities of mass spectrometry and MSI to study 
a signaling pathway in Arabidopsis thaliana and to discover potential biomarkers. 
Multiple MS methods are used to determine possible biomarkers, study related 
metabolites, and localize the biomarkers to specific cell types.  Chapter 3 is a 
reproduction of a paper published in a peer-reviewed journal.  Chapter 3 presents a 
novel data acquisition method for mass spectrometry imaging which allows both MS 
and MS/MS data to be acquired in a single instrument run without sacrificing spatial 
resolution.  Chapter 4 is a submitted manuscript that compares the efficiency of six 
metals applied using a sputter coater as matrices for MALDI-MS and MSI 
experiments.  Chapter 5 presents work which details the development of a 
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microarray platform to utilize MALDI-MS as a high-throughput method of analysis 
which is applied to the study of the dynamics of turkey gut microbiome metabolomics 
with and without antibiotic treatments. Finally, Chapter 6 summarizes the work in this 
dissertation, and discusses possible future work and applications of the methods 
presented herein. 
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Figure 
 
Figure 1. Workflow for MSI sample preparation for A) dry fracturing method and B) 
cryo-sectioning method. 
 
 
 
 
 
 
 
 
 
 
 
  
9 
References 
 
1. Wikoff, W. R.;  Anfora, A. T.;  Liu, J.;  Schultz, P. G.;  Lesley, S. A.;  Peters, E. 
C.; Siuzdak, G., Metabolomics analysis reveals large effects of gut microflora 
on mammalian blood metabolites. Proceedings of the National Academy of 
Sciences 2009, 106 (10), 3698. 
 
2. Wang, J.-N.;  Zhou, Y.;  Zhu, T.-Y.;  Wang, X.; Guo, Y.-L., Prediction of Acute 
Cellular Renal Allograft Rejection by Urinary Metabolomics Using MALDI-
FTMS. Journal of Proteome Research 2008, 7 (8), 3597-3601. 
 
3. Feenstra, A. D.;  Alexander, L. E.;  Song, Z.;  Korte, A. R.;  Yandeau-Nelson, 
M.;  Nikolau, B. J.; Lee, Y.-J., Spatial Mapping and Profiling of Metabolite 
Distributions During Germination. Plant Physiology 2017. 
 
4. Shah, S. H.;  Kraus, W. E.; Newgard, C. B., Metabolomic Profiling for 
Identification of Novel Biomarkers and Mechanisms Related to Common 
Cardiovascular Diseases: Form and Function. Circulation 2012, 126 (9), 
1110-1120. 
 
5. Dettmer, K.;  Aronov, P. A.; Hammock, B. D., MASS SPECTROMETRY-
BASED METABOLOMICS. Mass spectrometry reviews 2007, 26 (1), 51-78. 
 
6. Gowda, G. A. N.; Djukovic, D., Overview of Mass Spectrometry-Based 
Metabolomics: Opportunities and Challenges. Methods in molecular biology 
(Clifton, N.J.) 2014, 1198, 3-12. 
 
7. Bjarnholt, N.;  Li, B.;  D'Alvise, J.; Janfelt, C., Mass spectrometry imaging of 
plant metabolites - principles and possibilities. Natural Product Reports 2014, 
31 (6), 818-837. 
 
8. Weaver, E. M.; Hummon, A. B., Imaging mass spectrometry: From tissue 
sections to cell cultures. Advanced Drug Delivery Reviews 2013, 65 (8), 
1039-1055. 
 
9. Dueñas, M. E.;  Klein, A. T.;  Alexander, L. E.;  Yandeau-Nelson, M. D.;  
Nikolau, B. J.; Lee, Y. J., High spatial resolution mass spectrometry imaging 
reveals the genetically programmed, developmental modification of the 
distribution of thylakoid membrane lipids among individual cells of maize leaf. 
The Plant Journal 2017, n/a-n/a. 
 
10 
10. Wang, X.;  Han, J.;  Hardie, D. B.;  Yang, J.;  Pan, J.; Borchers, C. H., 
Metabolomic profiling of prostate cancer by matrix assisted laser 
desorption/ionization-Fourier transform ion cyclotron resonance mass 
spectrometry imaging using Matrix Coating Assisted by an Electric Field 
(MCAEF). Biochimica et Biophysica Acta (BBA) - Proteins and Proteomics 
2017, 1865 (7), 755-767. 
 
11. Glückmann, M.;  Pfenninger, A.;  Krüger, R.;  Thierolf, M.;  Karasa, M.;  
Horneffer, V.;  Hillenkamp, F.; Strupat, K., Mechanisms in MALDI analysis: 
surface interaction or incorporation of analytes?1. International Journal of 
Mass Spectrometry 2001, 210–211, 121-132. 
 
12. Yagnik, G. B.;  Hansen, R. L.;  Korte, A. R.;  Reichert, M. D.;  Vela, J.; Lee, Y. 
J., Large Scale Nanoparticle Screening for Small Molecule Analysis in Laser 
Desorption Ionization Mass Spectrometry. Analytical Chemistry 2016, 88 (18), 
8926-8930. 
 
13. Amendola, V.;  Litti, L.; Meneghetti, M., LDI-MS Assisted by Chemical-Free 
Gold Nanoparticles: Enhanced Sensitivity and Reduced Background in the 
Low-Mass Region. Analytical Chemistry 2013, 85 (24), 11747-11754. 
 
14. Taira, S.;  Sugiura, Y.;  Moritake, S.;  Shimma, S.;  Ichiyanagi, Y.; Setou, M., 
Nanoparticle-Assisted Laser Desorption/Ionization Based Mass Imaging with 
Cellular Resolution. Analytical Chemistry 2008, 80 (12), 4761-4766. 
 
15. Tang, H.-W.;  Wong, M. Y.-M.;  Lam, W.;  Cheng, Y.-C.;  Che, C.-M.; Ng, K.-
M., Molecular histology analysis by matrix-assisted laser desorption/ionization 
imaging mass spectrometry using gold nanoparticles as matrix. Rapid 
Communications in Mass Spectrometry 2011, 25 (24), 3690-3696. 
 
16. Xu, L.;  Kliman, M.;  Forsythe, J. G.;  Korade, Z.;  Hmelo, A. B.;  Porter, N. A.; 
McLean, J. A., Profiling and Imaging Ion Mobility-Mass Spectrometry Analysis 
of Cholesterol and 7-Dehydrocholesterol in Cells Via Sputtered Silver MALDI. 
Journal of The American Society for Mass Spectrometry 2015, 26 (6), 924-
933. 
 
17. Kernalléguen, A.;  Steinhoff, R.;  Bachler, S.;  Dittrich, P. S.;  Saint-Marcoux, 
F.;  El Bakhi, S.;  Vorspan, F.;  Léonetti, G.;  Lafitte, D.;  Pélissier-Alicot, A.-L.; 
Zenobi, R., High-Throughput Monitoring of Cocaine and Its Metabolites in 
Hair Using Microarrays for Mass Spectrometry and Matrix-Assisted Laser 
Desorption/Ionization-Tandem Mass Spectrometry. Analytical Chemistry 
2018, 90 (3), 2302-2309. 
 
11 
18. Haslam, C.;  Hellicar, J.;  Dunn, A.;  Fuetterer, A.;  Hardy, N.;  Marshall, P.;  
Paape, R.;  Pemberton, M.;  Resemannand, A.; Leveridge, M., The Evolution 
of MALDI-TOF Mass Spectrometry toward Ultra-High-Throughput Screening: 
1536-Well Format and Beyond. Journal of Biomolecular Screening 2015, 21 
(2), 176-186. 
 
19. He, L., Mass Spectrometry Imaging of Small Molecules. Humana Press: New 
York, NY, 2014; Vol. 1203. 
 
20. Dueñas, M. E.;  Feenstra, A. D.;  Korte, A. R.;  Hinners, P.; Lee, Y. J., Cellular 
and Subcellular Level Localization of Maize Lipids and Metabolites Using 
High-Spatial Resolution MALDI Mass Spectrometry Imaging. In Maize: 
Methods and Protocols, Lagrimini, L. M., Ed. Springer New York: New York, 
NY, 2018; pp 217-231. 
 
21. Theodoridis, G., Gika, Helen G., Wilson, Ian, Metabolic Profiling: Methods 
and Protocols. 1 ed.; Humana Press: New York, NY, 2018; p 291. 
 
22. Hillenkamp, F.; Peter-Katalinic, J., MALDI MS: A Practical Guide to 
Instrumentation, Methods and Applications. Wiley: 2013. 
 
23. Chen, Y.;  Allegood, J.;  Liu, Y.;  Wang, E.;  Cachón-González, B.;  Cox, T. 
M.;  Merrill, A. H.; Sullards, M. C., Imaging MALDI Mass Spectrometry Using 
an Oscillating Capillary Nebulizer Matrix Coating System and Its Application 
to Analysis of Lipids in Brain from a Mouse Model of Tay−Sachs/Sandhoff 
Disease. Analytical Chemistry 2008, 80 (8), 2780-2788. 
 
24. Hankin, J. A.;  Barkley, R. M.; Murphy, R. C., Sublimation as a method of 
matrix application for mass spectrometric imaging. Journal of the American 
Society for Mass Spectrometry 2007, 18 (9), 1646-1652. 
 
25. Klein, A. T.;  Yagnik, G. B.;  Hohenstein, J. D.;  Ji, Z.;  Zi, J.;  Reichert, M. D.;  
MacIntosh, G. C.;  Yang, B.;  Peters, R. J.;  Vela, J.; Lee, Y. J., Investigation 
of the Chemical Interface in the Soybean–Aphid and Rice–Bacteria 
Interactions Using MALDI-Mass Spectrometry Imaging. Analytical Chemistry 
2015, 87 (10), 5294-5301. 
 
 
12 
CHAPTER 2.    ARABIDOPSIDES IDENTIFIED AS BIOMARKERS RELATED TO 
FERONIA 
Revisions submitted to The Plant Journal 
Rebecca L. Hansen, Hongqing Guo, Yanhai Yin, and Young Jin Lee 
 
Abstract 
The FERONIA signaling pathway is known to have diverse roles in 
Arabidopsis thaliana, such as growth, reproduction, and defense, but how this 
receptor-kinase regulates various biological processes is not well established.  In 
this work, we applied multiple mass spectrometry techniques to identify metabolites 
involved in the FERONIA signaling pathway and to understand their biological roles.  
A direct-infusion Fourier transform ion cyclotron resonance (FTICR)-MS approach 
was used for initial screening of wild-type and feronia (fer) mutant plant extracts, and 
Arabidopsides were found to be significantly enriched in the mutant.  As 
Arabidopsides are known to be induced by wounding, further experiments on 
wounded and non-wounded leaf samples to investigate these oxylipins, as well as 
related phytohormones, were carried out using a direct injection quadrupole time-of-
flight (Q-TOF) MS and LC-MS/MS.  In a root growth bioassay with Arabidopside A 
isolated from fer mutants, the wild-type showed significant root growth inhibition 
compared to the fer mutant.  Our results thus implicated Arabidopsides, and 
Arabidopside A specifically, in FER functions and/or signaling. Finally, matrix-
assisted laser desorption/ionization MS imaging (MALDI-MSI) was used to visualize 
the localization of Arabidopsides, and we confirmed that Arabidopsides are highly 
abundant at wounding sites in both wild-type and fer mutant plants.  More 
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significantly, five micron high-spatial resolution MALDI-MSI revealed that 
Arabidopsides are localized to the chloroplasts where many stress signaling 
molecules are made.  
 
Introduction 
FERONIA (FER) is a receptor-like kinase in Arabidopsis thaliana that 
functions broadly throughout plant development and has critical roles in controlling 
fertilization, vegetative growth, and defense responses (Escobar-Restrepo et al., 
2007, Guo et al., 2009a, Guo et al., 2009b, Deslauriers and Larsen, 2010, Duan et 
al., 2010, Keinath et al., 2010, Kessler et al., 2010, Yu et al., 2012) as well as root 
growth and interactions with other plant hormones (Mao et al., 2015, Yang et al., 
2015, Du et al., 2016, Liao et al., 2017).  FER is a transmembrane protein and the 
extracellular domain contains motifs that share homology with malectin.  The 
homology with malectin suggests that FERONIA may sense changes in the cell wall 
and signal for cellular responses (Hématy and Höfte, 2008), and also that a sugar-
containing species may be involved in FER functions.  The loss-of-function mutant of 
FER, feronia (fer), displays a defect in fertilization (Escobar-Restrepo et al., 2007), 
reduced plant growth (Guo et al., 2009a), and has reduced susceptibility to bacterial 
pathogens (Stegmann et al., 2017).  FER’s involvement in many diverse functions in 
Arabidopsis suggests the complex and interconnected nature of signaling pathways.  
One important balance in plants is the coordination of growth and stress responses, 
of which FER has distinct roles, and so the study of this signaling pathway is critical 
to our understanding of how plants effectively manage these functions. 
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Some components of the FER signaling pathway have been identified, 
including RALF1 (Haruta et al., 2014) and RALF23 (Stegmann et al., 2017) that 
function as ligands for FER, LLG1 acting as a FER co-receptor (Li et al., 2015), 
ROP/RAC GTPases, (Yu et al., 2012), and phosphatase ABI2 (Chen et al., 2016).  
However, the metabolite changes in fer mutants have not yet been reported.  Here, 
we identified metabolite biomarkers which were found to be more highly abundant in 
fer mutants.  Such metabolites may help to explain some of the functions of FER.  In 
addition, the multi-functionality of FER suggests that other ligands could be possible 
in addition to those previously reported.  We presumed the loss of FERONIA would 
result in the accumulation of any possible ligands due to feedback mechanisms, and 
so we were specifically interested in features increased in fer mutant plants.  To this 
end we compared metabolite profiles of wild-type (WT) and fer mutant plants using 
various mass spectrometry techniques.   
Gas chromatography-mass spectrometry (GC-MS) or liquid chromatography-
tandem mass spectrometry (LC-MS/MS) experiments are most commonly used for 
metabolomics profiling.  One significant limitation of these methods is the low 
throughput, typically taking half to one hour per sample.  Additionally, there will be 
bias for certain compounds depending on the mode of separation.  Direct-infusion 
mass spectrometry has become a popular method for targeted and untargeted 
lipidomics profiling as it allows for high-throughput screening and has a wide 
metabolite coverage that is not limited by the separation device (González-
Domínguez, 2017, Gang et al., 2018).  Here, we adopt direct-infusion high-resolution 
mass spectrometry (HRMS) as a high-throughput screening method to identify 
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biomarkers highly enriched in fer mutants.  Arabidopsides, an oxylipin class 
previously known for its wounding response (Hisamatsu et al., 2003, Hisamatsu et 
al., 2005, Andersson et al., 2006, Kourtchenko et al., 2007, Ibrahim et al., 2011), 
were found to be highly enriched in fer, among others.  The possible roles of 
Arabidopsides in FERONIA are discussed in relation to wounding response and 
other oxylipins and phytohormones.  Finally, matrix-assisted laser 
desorption/ionization (MALDI)-mass spectrometry imaging (MSI) was used to obtain 
cellular and subcellular level localization information of Arabidopsides.  
 
Results 
High-throughput Direct-Infusion Biomarker Screening 
A direct infusion high-resolution mass spectrometry approach was adopted as 
a high-throughput screening method to identify metabolite changes in fer mutant 
plants.  Polar (water/methanol) and nonpolar (chloroform) leaf extracts from both the 
wild-type and fer mutant were analyzed in both positive and negative ion modes 
using a 7T Bruker SolariX FTICR-MS.  Figure S1A compares spectra from a 
representative biological replicate of the wild-type and fer mutant for the nonpolar 
extract in positive ion mode.  As expected, most peaks are consistent between the 
two genotypes, such as m/z 871.57 (pheophytin a) and m/z 893.55, as well as other 
peaks in the low mass region.  Monogalactosyldiacylglycerol (MGDG) species were 
also detected (Figure S2).  There are a couple of readily apparent differences in the 
spectra of the two genotypes, such as the consistently greater abundance of m/z 
797.45, 813.42, and 825.48 in the fer mutant (Figure S1A).  Closer inspection of the 
fer mutant spectra reveals a series of seemingly related peaks as indicated in Figure 
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S3 and Appendix S1.  The apparent structural relationships in this series of peaks 
indicate the compounds might be sugar-containing lipid species.  In the nonpolar 
extract in negative ion mode (Figure S1B), similarly, there are many peaks in 
common between the genotypes, such as m/z 582.50 and 937.53, among others.  
There are also several significant differences between the two genotypes, such as 
the higher abundance of m/z 755.45, 847.49, and 1009.54 in the fer mutant 
consistently across the biological replicates (Figure S1B).  
Statistical analysis was performed for four biological replicates of each 
genotype using the Plant/Eukaryotic and Microbial Systems Resource (PMR) 
database (data publically available at 
http://metnetweb.gdcb.iastate.edu/PMR/experiments/?expid=256).  Figure 1A shows 
a volcano plot comparing the fold change of the signal intensity vs p-value for 
various m/z values between wild-type and fer for the nonpolar leaf extracts in 
positive and negative mode.  A total of 68 and 52 peaks in positive and negative 
mode, respectively, were identified to have significant differences according to the 
volcano plot with a minimum fold change of 2 and maximum p-value of 0.01, as 
summarized in Table S1.  There are several interesting m/z peaks that display a 
high fold change and a significant p-value.  For example, from the nonpolar positive 
mode data, m/z 797.45 (indicated with a green circle in Figure 1A) has a fold change 
of 71 and p-value of 0.0018, and m/z 825.48 (orange circle) has a fold change of 31 
and a p-value of 0.0067.   In negative ion mode, several noteworthy peaks include 
m/z 847.49 (pink circle) with a fold change of 79 and a p-value of 0.0027, and m/z 
1009.54 (purple circle) with a fold change of 70 and a p-value of 0.0012.   
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The series of features in the nonpolar positive mode data that were 
significantly increased in the fer mutant were identified as Arabidopsides according 
to their chemical compositions from the high-resolution mass spectra and MS/MS 
performed using a Q-TOF mass spectrometer.  Figure 1B shows the MS/MS spectra 
for three potential biomarkers, m/z 797.45, 825.48, and 987.53, which are assigned 
as sodium ion adducts of Arabidopside A, Arabidopside B, and Arabidopside D, 
respectively.  One can readily observe many similarities between the three spectra, 
again signifying their structural relationship (see Appendix S2 for detailed 
annotation).  Although MGDG (18:3/18:3) has the same nominal mass as 
Arabidopside A, it can be distinguished with HRMS (Figure S2), and fragment ions 
from both species are observed.  In the nonpolar extract in negative mode, m/z 
819.45, 847.49, and 1009.54 are assigned as formate ion adducts of Arabidopside 
A, B, and D, respectively.  The MS/MS spectra of these species are shown in Figure 
S4. 
 
Wounding Experiments 
 In our experiments, Arabidopsides, which are known to be induced upon 
wounding in wild-type Arabidopsis plants (Buseman et al., 2006, Kourtchenko et al., 
2007, Vu et al., 2015), showed increased abundances in non-wounded fer mutants 
compared to the wild-type; however the effect of wounding in fer mutants is 
unknown.  Therefore it is essential to study the effect of wounding on the levels of 
Arabidopsides in both genotypes in order to explore the significance of 
Arabidopsides in the FERONIA pathway.  Additionally, OPDA (12-oxo-phytodienoic 
acid) and dnOPDA (dinor-oxo-phytodienoic acid), which are precursors of 
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phytohormone jasmonic acid (JA) and essential components of Arabidopsides, were 
also studied.  The Arabidopside family of metabolites were further investigated using 
direct-injection Q-TOF mass spectrometry, and OPDA, dnOPDA, and JA were 
studied using LC-Q-TOF mass spectrometry.  The Arabidopside family and 
OPDA/dnOPDA/JA were compared with and without wounding in both genotypes.  
Figure S5 shows representative mass spectra from the nonpolar leaf extracts in the 
high mass range comparing the Arabidopside levels in the fer and wild-type 
genotypes both without wounding and 15 minutes post-wounding in positive mode.  
Wounding was accomplished by crimping the leaf with a tweezers 3-4 times across 
the midvein of the leaf (see the photo in Figure 2A) and then harvesting the leaves 
after 15 minutes.  For each sample, several leaves were combined and the dried 
extract from each biological replicate was re-suspended to the same final 
concentration of 1 mg/mL, using the determined tissue dry weight, before analysis. 
 In all four spectra of Figure S5 (fer, wild-type, fer wounded, and wild-type 
wounded), the signal intensity of pheophytin a (m/z 871.57), chlorophyll a which 
loses Mg2+ during analysis, remains relatively unchanged and was used to normalize 
Arabidopside signals.  The signal intensities of the Arabidopside compounds vary 
across the samples.  As previously observed, the levels of Arabidopsides A, B, and 
D in the fer mutants are significantly increased compared to the wild-type, although 
the signal ratios for these compounds are not exactly the same as Figure S1 due to 
experimental variations.  This is attributed to the hypersensitive response of 
Arabidopsides to stress conditions.  The levels of Arabidopsides A, B, and D 
increase in the wounded feronia and wild-type leaves compared to the unwounded 
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leaves of the same genotype.  As summarized in Figure 2B, for the post-wounding 
Arabidopside signals with normalization to pheophytin a, there is a significant 
increase of Arabidopsides A, B and D from non-wounded to wounded samples in 
both genotypes.  The amount of increase is especially significant for Arabidopside A 
(p-value < 0.001 for WT and < 0.01 for fer), followed by Arabidopside B (p-value < 
0.01 for both WT and fer) and Arabidopside D (p-value < 0.05 for both WT and fer).  
A slight decrease is observed for Arabidopsides E and G after wounding, although 
not statistically significant.  Despite differences in the initial amounts of Arabidopside 
A and B in the wild-type and feronia mutant, the amount of increase between fer to 
fer wounded and wild-type to wild-type wounded is similar. 
A similar trend is found in the negative mode nonpolar extracts (Figure S6).  
The most apparent differences after wounding in both genotypes are Arabidopside A 
(m/z 819.49), Arabidopside B (m/z 847.49), and Arabidopside D (m/z 1009.54), 
present as formate adducts.  In addition to the nonpolar extract, the polar extract 
was analyzed in both ion modes (Figure S7), and there are only minor differences 
between the two genotypes with and without wounding.  Specifically, we could not 
find any meaningful changes for OPDA, dnOPDA, and JA (based on exact mass) in 
the negative mode polar extracts using this direct injection analysis, presumably due 
to significant chemical or spectral interference, suggesting the limitation of direct 
injection analysis for small, low abundance metabolite molecules.   
Further study of the Arabidopside-related metabolites, OPDA, dnOPDA, and 
JA, were explored using liquid chromatographic separation combined with Q-TOF 
MS analysis.  Figure 2C displays the quantification results for OPDA, dnOPDA, and 
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JA in wounded and non-wounded leaves of both genotypes.  As JA is synthesized in 
response to wounding, no JA is detected when the leaves are not wounded.  After 
wounding, levels of JA increase in both genotypes.  Slightly more JA (p-value 0.016) 
is produced in the wounded fer mutant than in the wounded wild-type, which may be 
due to a higher stress state of the mutant.  Before wounding, statistically higher 
levels of OPDA and dnOPDA are present in fer than in the wild-type, especially for 
dnOPDA where the level in the mutant is approximately 1.5 times higher than in the 
wild-type (p-value 0.005).  In both genotypes there is a decrease in the amounts of 
OPDA and dnOPDA present after wounding.  This decrease is especially significant 
for fer as the levels of dnOPDA and OPDA decrease by about 3.4 (p-value 0.00035) 
and 2.6 fold (p-value 0.00025), respectively, compared to the non-wounded 
samples.  In the wild-type, the decrease in the levels of dnOPDA and OPDA after 
wounding is about 1.3 (p-value 0.061) and 1.8 times (p-value 0.0046), respectively.   
 Overall, dnOPDA and OPDA are much more abundant in fer than in the wild-
type before wounding, but the levels of these compounds generally decrease and 
become similar after wounding.  This is in contrast to Arabidopsides, which although 
are also more abundant in fer than in the wild-type before wounding, the amount of 
these metabolites further increases in both genotypes after wounding. 
 
Biological Assay 
 To ascertain biological activity, Arabidopside A was isolated from 
approximately two hundred fer plants using a preparative-LC.  The purified 
Arabidopside A was dissolved in methanol and added to 1/2MS medium (Murashige 
and Skoog medium) to a final concentration of 20 µM.  Wild-type and fer plants were 
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germinated in 1/2MS medium for 4 days and then transferred to 1/2MS medium with 
or without Arabidopside A for another 4 days.  The root lengths were measured for 
each of the six plants per treatment.  Inhibition of root growth was observed in both 
wild-type and fer mutant plants that were exposed to Arabidopside A (Figure 3A and 
B).  When grown in regular medium (denoted by control in figure), both wild-type and 
fer mutant plants have similar root lengths (p-value of 0.124).  With the addition of 
Arabidopside A, root length decreases significantly in both cases (p-value < 0.0001), 
suggesting growth suppression by Arabidopside A.  However, the decrease is less 
significant for fer compared to WT, 35.9% vs 50.8%, indicating that the fer mutant is 
less sensitive to the presence of Arabidopside A during root growth compared to the 
wild-type plant (p-value of 0.016).   
 
MALDI-MSI of Arabidopsides 
Although it is well-known that Arabidopsides are induced by wounding, 
specific localization of these metabolites to the wounded area has not yet been 
shown.  To this end we performed MALDI-MSI to visualize Arabidopside distributions 
in fractured leaves (see methods section for fracturing sample preparation details).  
Figure 4A shows low-resolution MS images (pixel size of 100 µm) for the 
Arabidopside compounds in fer and wild-type whole leaves after wounding.  The 
fracturing method, which we previously developed, was used in this experiment, and 
allows the internal leaf layers to be exposed for MS imaging studies (Klein et al., 
2015).  Images of pheophytin a showed that the thylakoid membrane-associated 
metabolite is homogenously localized throughout the leaf, which indicated that 
adequate signal is present throughout the tissue.  The signals in the images were all 
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normalized to the TIC (total ion count) and set to the same maximum and minimum 
values to facilitate comparison.   
In all cases, the highest Arabidopside signal intensity is localized to the 
wound sites (Figure 4A, red boxes on leaf images).  Arabidopsides A, B and D are 
easily visualized in both genotypes, but Arabidopsides E and G were not 
successfully imaged in the wild-type, presumably due to their lower abundances.  
The localization of the Arabidopside compounds to the wounded areas is 
reproducible across multiple biological replicates of each genotype.  MS images 
obtained at a higher spatial resolution of 30 µm for a portion of the leaves (Figure 
S8) showed a similar result, although the images for the wild-type are not as clear 
due to low ion signals with a small sampling size.   
Finally, in an effort to obtain cellular or subcellular level localization 
information, 5 µm high-resolution MS images were acquired for cross-sections of 
non-wounded fer leaves.  Figure 4B displays the localizations of Arabidopside A 
(shown in false color blue) and pheophytin a (in false color green) signal intensities 
overlaid with a microscope image.  Single pixel spectra demonstrate the apparent 
co-localization of the two metabolites, although Arabidopside A is not present at 
every pixel where the pheophytin a is present.  For example, in the top single pixel 
spectrum which corresponds to a green-colored pixel in the MS image, only 
pheophytin a is present.  In the middle spectrum (a cyan pixel) both Arabidopside A 
and pheophytin a are present.  Finally, in the bottom spectrum, even though the 
pixel color is dark blue, both Arabidopside A and pheophytin a are present, although 
Arabidopside A does have a higher signal intensity.  As pheophytin a is present in 
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the thylakoid membrane of photosynthetic cells, this co-localization suggests that 
Arabidopside A is also present in the chloroplast thylakoid membrane.  It also 
demonstrates that even in the non-wounded fer leaves, Arabidopsides are present, 
although at lower abundances compared to wounded leaves, consistent with the 
direct infusion ESI-MS data. 
 
Discussion 
Arabidopsides are well known to be induced by wounding (Buseman et al., 
2006, Kourtchenko et al., 2007, Vu et al., 2012, Vu et al., 2015), especially in 
Arabidopsis from which the name originates.  One study found very low levels of 
Arabidopsides are present in unwounded wild-type leaves, but the levels of 
Arabidopsides A, B, and D, increased 200- to 1,000-fold 15 minutes after wounding 
(Buseman et al., 2006). Another study reported increases of ~100 and ~50 fold 45 
minutes after wounding for Arabidopside A and B, respectively  (Vu et al., 2015).  
Arabidopsides E and G, containing an additional OPDA attached to the galactose 
group, have also been reported to be induced by abiotic stress (Kourtchenko et al., 
2007, Nilsson et al., 2012, Vu et al., 2012).  For example, Nilsson et al. 
demonstrated that during freeze-thaw stress Arabidopsides A, B, E, and G all 
accumulate, however Arabidopsides E and G increased more slowly than 
Arabidopsides A or B (Nilsson et al., 2012).  In another study, oxidized MGDG 
species (e.g. Arabidopside A and B) were found to predominate in wounding stress, 
whereas oxidized acylated MGDGs (e.g. Arabidopside E and G) predominated 
during pathogen infection, although both types were present in both stress 
conditions (Vu et al., 2012).  Therefore, Arabidopsides also have roles in biotic 
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stress, in addition to abiotic stress.  It was also demonstrated that Arabidopside E 
was induced after recognition of avirulence proteins AvrRpm1 and AvrRpt2 in 
Arabidopsis transgenic lines using [14C]acetate labeling (Andersson et al., 2006).  In 
addition, Arabidopside E was found to inhibit P. syringae growth by 60% (Andersson 
et al., 2006).  Levels of Arabidopsides have also been studied during hypersensitive 
response (HR) (Andersson et al., 2006, Kourtchenko et al., 2007, Vu et al., 2012, 
Nilsson et al., 2014).  In addition to Arabidopsis thaliana, Arabidopsides have also 
been found in other species, such as Cirsium avrvense (Creeping thistle) (Hartley et 
al., 2015), Ipomoea tricolor (Ohashi et al., 2005), and Melissa officinalis (Zábranská 
et al., 2012), as well as in other plant species of the Brassicaceae family.  Despite 
evidence of a significant stress response, the biological role of Arabidopsides is 
largely unknown in regard to its relationship with biotic or abiotic stress.   
In our study, Arabidopsides A and B significantly increase 15 minutes post-
wounding compared to basal levels in similarity to many other studies (Figure 2B).  
Although Arabidopsides E and G appear to decrease upon wounding, in apparent 
contradiction to other studies where increases were detected, it is important to note 
that this decrease is not statistically significant.  Kourtchenko et al. found 
Arabidopsides A, B, E, and G all increased upon wounding, with Arabidopsides E 
and G levels peaking around one hour post-wounding (Kourtchenko et al., 2007).  
The steep accumulation and assumed linearity of accumulation does not necessarily 
contradict our finding of no statistical difference between basal and wounded levels 
at a much earlier time point.  Furthermore, several papers have noted Arabidopsides 
E and G increase slower than non-head group acetylated species (e.g. 
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Arabidopsides A and B) (Nilsson et al., 2012, Vu et al., 2012).  Vu et al. reports 
increased accumulation of Arabidopsides at 15 minutes post-wounding, with A and B 
accumulating to a greater extent (Vu et al., 2012).  Compared to Kourtchenko et al. 
which found steep accumulation between time zero and one hour post-wounding, Vu 
et al. showed similar levels of accumulation at 15 minutes, 45 minutes, and 6 hours 
post-wounding time points (Kourtchenko et al., 2007, Vu et al., 2012).  This 
difference could be explained by considering, as Vu et al. points out, that “variation 
in plant growth conditions can affect basal levels of some ox-lipid compounds” (Vu et 
al., 2012).  Indeed, Vu et al. uses 14 hour light/10 hour dark growth conditions 
versus Kourtchenko et al. and our study which use short day conditions (i.e. 8 hour 
light/16 hour dark).  Therefore with the growth conditions utilized in our experiments 
there may be minimal change in Arabidopside E and G levels at early time points, 
and any deviations from published trends may be simply due to time point variations 
and/or differing growth conditions between the studies.   
Interestingly, the Arabidopside lipid family contains 12-oxo-phytodienoic acid 
(OPDA) and dinor-oxo-phytodienoic acid (dnOPDA) side chains.  OPDA, and 
possibly dnOPDA, are precursors of jasmonic acid (JA) through the octadecanoid 
pathway; and JA is an important plant hormone for stress response against 
herbivores (Koo et al., 2009).  It has also been shown that OPDA itself has roles in 
plant defense (Stintzi et al., 2001).  Due to the connections between these 
metabolites, it is important that the results from the phytohormone and Arabidopside 
wounding experiments be considered in conjunction.  One of the striking findings of 
this study is that Arabidopsides are significantly increased in fer mutants even 
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without wounding, although wounding resulted in additional accumulation of 
Arabidopsides in both wild-type and fer mutant plants.  This suggests that FER 
functions to repress production of Arabidopsides under normal conditions.  
Overall, dnOPDA and OPDA are much more abundant in feronia than in the 
wild-type before wounding, but the levels of these compounds generally decrease 
and become similar after wounding (Figure 2C).  This is in contrast to the increase of 
Arabidopsides after wounding, suggesting that dnOPDA and OPDA might have been 
used to produce Arabidopsides.  Considering OPDA is a known precursor for JA 
biosynthesis (and also possibly dnOPDA, although this pathway has not yet been 
confirmed), it is also possible OPDA and dnOPDA are used to produce JA.  
However, the increase of JA after wounding, 8.6 and 16.8 nmol/gram for wild-type 
and fer, respectively, is much lower than the decrease of OPDA, 40 and 76 
nmol/gram for wild-type and fer, respectively, although some JA derivatives such as 
methyl jasmonate were hard to quantify due to their volatile nature.  Furthermore, 
the high abundance of both OPDA and dnOPDA without wounding in fer and their 
sharp decrease after wounding is particularly well correlated with Arabidopside A, 
which has both OPDA and dnOPDA side chains.  Arabidopside A has a relatively 
high abundance initially in feronia and significantly increases with wounding, further 
supporting the hypothesis that free OPDA and dnOPDA might be precursors of 
Arabidopsides, especially Arabidopside A. 
The above hypothesis, however, is not without contradiction.  A previous 
study involving 18O-labelled water determined that the biosynthesis of OPDA and 
dnOPDA occurs while the fatty acid precursors are esterified to membrane lipids in 
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wild-type plants (Nilsson et al., 2012).  In other words, the fatty acids on MGDG or 
digalactosyldiacylglycerol (DGDG) lipids are directly converted to dnOPDA or OPDA 
to form Arabidopsides, and it is not necessary for free fatty acids to be enzymatically 
cyclized to dnOPDA or OPDA before being attached to sugar-containing glycerol 
backbones to form Arabidopsides.  This conclusion is also supported in our data for 
the wild-type where the levels of dnOPDA only slightly decrease after wounding, 
despite a significant increase in Arabidopsides, while the more significant decrease 
in OPDA can be at least partially attributed to JA synthesis.  Although not analyzed 
in this experiment, the formation of amino acid conjugates of JA or other derivatives 
of JA and/or OPDA could also account for the decreased OPDA levels. 
Alternatively, pathways might exist to synthesize Arabidopsides from both 
free OPDA/dnOPDA and membrane bound galactosyl lipids.  The latter pathway 
might be dominant in the wild-type, but in the case of the fer mutant, the much 
higher initial levels of both OPDA and dnOPDA and their more significant decrease 
after wounding suggests that free OPDA/dnOPDA are utilized for the rapid synthesis 
of Arabidopsides.  Additionally, OPDA and dnOPDA are known to be induced by 
wounding on their own, which may explain the more significant change of these 
metabolites after wounding stress in the fer mutant (Stintzi et al., 2001).  Overall, we 
hypothesize that fer is in a higher stress state and can therefore more rapidly 
respond to stress using a pathway involving free dnOPDA/OPDA.  This also 
suggests that the initial accumulation of Arabidopsides, and specifically 
Arabidopside A, in fer is not due to a simple stress response, and that this lipid may 
play an important role through FERONIA. 
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Although we observed a distinct decrease in OPDA levels 15 minutes post-
wounding, and also dnOPDA in fer, this is contrast with increased accumulation of 
OPDA and dnOPDA post-wounding reported by others.  For example, Stintzi et al. 
reported that OPDA, dnOPDA, and JA levels in A. thaliana leaves of the 
Wassilewskija (WS) background were all significantly increased 90 minutes post-
wounding and peaked at around 180 minutes (Stintzi et al., 2001).  However, other 
studies indicate that OPDA levels increase non-linearly in this time frame (i.e. 
between 0-90 minutes post-wounding).  Stelmach et al. found that around 10-15 
minutes OPDA appears to decrease before increasing and peaking around 50 
minutes post-wounding (Stelmach et al., 2001).  In the work by Stelmach et al. and 
in our study, leaves were wounded in several places across the midvein, with ~10-
30% leaf tissue wounded, and then whole leaves were collected for analysis 
(Stelmach et al., 2001); however it is unclear how samples were wounded in Stintzi 
et al. (Stintzi et al., 2001).  Koo et al. reported that for systemic leaves from both WS 
and Col-0 backgrounds, OPDA sharply decreases (around 15 minutes) before 
steadily increasing (Koo et al., 2009).  In combination, it is plausible that 
OPDA/dnOPA levels can vary depending on the particular time point of study, and 
also the plant growth or wounding conditions. 
Our finding that Arabidopside inhibits root growth (Figure 3) supports the 
possibility that Arabidopsides, and specifically Arabidopside A, may play an 
important role through FERONIA.  The fact that the fer mutant is less sensitive to the 
Arabidopside A suggests that Arabidopsides may function through FERONIA either 
directly or indirectly, to regulate plant growth.  The growth inhibition of Arabidopside 
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A revealed here is a novel function of the Arabidopside family, beyond the general 
wound response for which they are currently known.  In other words, Arabidopside 
A, accumulated through a wounding response, may potentially signal through the 
FERONIA pathway to suppress growth and promote stress responses. 
The use of MS imaging revealed the previously unknown cellular/subcellular 
localization of Arabidopside A, which would be unavailable using extraction based 
experiments.  This localization information allows for deeper insight into metabolism.  
In our experiments, Arabidopsides were found to be co-localized with pheophytin a, 
which is a chloroplast thylakoid membrane associated compound, demonstrating 
that Arabidopsides are also localized to the chloroplasts.  Chloroplasts also have 
roles in plant immune response in addition to photosynthesis.  For example, many 
important defense signaling molecules are biosynthesized in the chloroplast, such as 
salicylic acid (Dempsey et al., 2011), JA (Wasternack, 2007), and reactive oxygen 
species (Asada, 2006).  It has also been demonstrated that chloroplastic stromules, 
critical connections to the membranes of other organelles such as the nucleus, are 
induced during immune responses (Caplan et al., 2015).  Therefore, both the 
previously known and the demonstrated roles of Arabidopsides in abiotic/biotic 
stress responses correlates well with this localization.   
 
Experimental 
Materials 
The organic MALDI matrix 2,5-dihydroxybenzoic acid (DHB, 98%) was 
purchased from Sigma-Aldrich (St. Louis, MO, USA).  Iron oxide nanoparticles (NPs) 
(Fe3O4, 11 nm, no organic capping) were synthesized according to a previously 
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published method (Berger et al., 1999).  The NPs were suspended in isopropyl 
alcohol to a final concentration of 5 mM Fe3O4.  Isopropyl alcohol (LCMS 
Chromasolv), chloroform (Chromasolv Plus), and methanol (LCMS Chromasolv) 
were purchased from Sigma-Aldrich (St. Louis, MO, USA).  Water (Optima LCMS) 
was purchased from Fisher Scientific (Hampton, NH, USA).  Ethyl acetate 
(OmniSolv) was purchased from EMD Millipore Corporation (Billerica, MA, USA).  
Gelatin from porcine skin (300 bloom) was purchased from Electron Microscopy 
Sciences (Hatfield, PA, USA).   Formic acid (98%, Fluka LC-MS) was purchased 
from Sigma-Aldrich (St. Louis, MO, USA). 
 
Plant Growth and the feronia Mutant  
Wild-type and feronia mutant seeds were germinated on 1/2MS medium for 
10 days and then were transferred to soil and grown for another three weeks before 
harvesting.  The plants were grown under short day conditions (8 hours light and 16 
hours dark cycle) at 23 °C.  FERONIA mutants are tDNA knockouts, as described 
elsewhere (Duan et al., 2010), and seeds were obtained from TAIR (The 
Arabidopsis Information Resource). 
 
Metabolite Extractions for Biomarker Determination 
The extraction procedure utilized was based on the Bligh/Dyer method (Bligh 
and Dyer, 1959).  Approximately 40 mg of leaf tissue was frozen in liquid nitrogen, 
ground in a mortar and pestle, and extracted using a solvent mixture of 
chloroform:60°C methanol:water (47:33:20).  After the addition of the hot methanol 
(0.5 mL), samples were incubated at 60 °C for 10 minutes before being briefly 
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vortexed and then sonicated for 15 minutes.  Then, chloroform (0.7 mL) and water 
(0.3 mL) were added with 30 seconds of vortexing after each addition.  Finally the 
samples were centrifuged at 10000 rpm for 5 minutes and then separated into polar 
(methanol/water) and nonpolar (chloroform) fractions.  Extracts were stored at -80 
°C until analysis.   
 
Direct Infusion Mass Spectrometry (FT-ICR) 
 For the initial biomarker discovery experiments, samples were prepared as 
discussed above.  Before analysis, all leaf extracts were diluted 1:10 in methanol 
and either 0.1% formic acid (final concentration) in positive mode or 10 mM 
ammonium formate in negative mode (final concentration) were added based on 
additive testing.  Other additives tested included acetic acid, ammonium acetate, 
ammonium hydroxide, and sodium hydroxide.  Samples were analyzed using direct 
infusion at a flow rate of 2 µL/min with a 7.0 T SolariX FT-ICR MS (Bruker).  Data 
analysis was done using DataAnalysis (Bruker). 
 
Wounding Experiments (Q-TOF) 
Leaves from both the wild-type and feronia plants were wounded 3-4 times 
across the midvein of the leaves (Figure 2A).  The leaves were harvested 15 
minutes post-wounding and extracted as discussed above.  For comparison, non-
wounded leaves were also harvested and extracted.  Prior to analysis, the leaf 
extracts were diluted 1:10 using methanol.  In positive mode formic acid was added 
at a 0.1% final concentration and 10 mM ammonium formate was added to negative 
mode samples.  The extracts (10 µL for each injection) were analyzed using a 6540 
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quadrupole-time of flight (Q-TOF) mass spectrometer (Agilent) in both positive and 
negative ion mode.   Water/methanol (0.1% formic acid) 50:50 was used as the 
effluent solvent at a flow rate of 0.7 mL/min.  MassHunter Quantitative Analysis 
(Agilent) was used for data analysis. 
 
OPDA, dnOPDA, and JA Analysis (LC-MS) 
 Leaf extracts, combining several leaves per sample, were prepared similarly 
to Chung et al. with minor modifications (Chung et al., 2008).  Briefly, approximately 
200 to 300 mg of leaf tissue was frozen in liquid nitrogen and a mortar and pestle 
was used to ground to the tissue to a powder.  Then, after 1.25 mL of ethyl acetate 
was added to each vial the samples were briefly vortexed before being centrifuged 
at 10000 rpm for 10 minutes.  The supernatant of each sample was transferred to a 
new separate microcentrifuge tube and the remaining pellets were re-extracted with 
1 mL of ethyl acetate including the vortexing and centrifuging steps as before.  
Finally, the supernatants for each sample were combined and the solvent 
evaporated at 55 °C.   The dried samples were stored at -80 °C until analysis.  
Before analysis all the samples were dissolved in 800 µL of 10% methanol:water 
(v/v). 
 These extracts (10 µL per injection) were analyzed in negative ion mode on 
an Agilent LC 1200 series system with a 6540 quadrupole-time of flight (Q-TOF) 
mass spectrometer.  An Agilent Zorbax Eclipse XBD C18 column (1.8 µm, 4.6 x 150 
mm) was used for the separation.  A gradient from 10% to 90% methanol/0.1% 
formic acid (solvent B) was used with a flow rate of 0.4 mL/min over 12 minutes and 
then 90% solvent B was maintained for 10 minutes before 10% solvent B was 
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reestablished.  Peak areas for each analyte of interest were integrated and peak 
areas used for quantification.  Jasmonic acid was calibrated using a jasmonic acid 
external calibration curve.  OPDA and dnOPDA were calibrated using an OPDA 
external calibration curve.  MassHunter Quantitative Analysis (Agilent) was used for 
data analysis. 
 
Leaf Preparation for MALDI Mass Spectrometry Imaging 
For fractured leaf samples (Klein et al., 2015), leaves were placed on packing 
tape and dried under vacuum.  Once dry, the tape is folded, enclosing the leaf 
between the tape, and passed through a rolling press.  The tape pieces are pulled 
apart resulting in the leaf fracturing open to expose internal metabolites.  The tape 
pieces were aligned on glass slides for analysis.  Matrices were applied as follows:  
DHB was sublimated for 5 minutes at 140°C and the binary matrix DHB:Fe3O4 (75 
mM:5 mM in IPA) was sprayed using an oscillating capillary nebulizer (OCN) (Korte 
et al., 2015).    
To obtain cross-sectional images, leaf pieces were embedded by placing 
them in a cryo-mold containing 10% w/v gelatin.  Molds were transferred to a 
cryostat (CM1850; Leica Microsystems, Buffalo Grove, IL, USA) prechilled to -22 °C 
and allowed to equilibrate.  Sections of 10 µm thickness were collected on tape 
windows (Leica Biosystems, Buffalo Grove, IL) and then taped to chilled plain glass 
slides.  Samples were stored at -80 °C until needed.  Before analysis, the slides 
were lyophilized under vacuum before matrix application.  Matrices were applied as 
for fractured leaves. 
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Data was acquired using a MALDI-linear ion trap (LIT)-Orbitrap mass 
spectrometer (MALDI-LTQ-Orbitrap Discovery; Thermo Finnigan, San Jose, CA, 
USA) with an external frequency-tripled Nd:YAG laser (UVFQ; Elforlight Ltd., 
Daventry, UK).  The laser energy was optimized for each matrix and 10 laser shots 
were used for every raster step.  Raster steps of 100 µm or 30 µm were used for 
imaging of fractured leaves, and a raster step of 5 µm was used for the high-spatial 
resolution cross-sections. 
All images shown were generated using ImageQuest (Thermo) with a ±0.01 
Da mass tolerance with normalization to the TIC.  The maximum and minimum 
values for a particular metabolite in all sample types were set to the same values to 
facilitate comparisons.  Peak assignments were made using accurate mass. 
 
Isolating Arabidopside A and Bioassay 
 Arabidopside A was isolated from scaled up feronia nonpolar leaf extracts (as 
previously discussed) using an Agilent PrepStar SD-1 HPLC system.  These 
extracts (2 mL per injection) were separated and collected using an Agilent Zorbax 
Eclipse XDB C18 column (21.1 mm x 250 mm x 7 µm) was used for the separation.  
A gradient using 80% methanol/20% water (solvent B) with a flow rate of 15 mL/min 
was employed to isolate the compound of interest.  The solvent from the isolated 
Arabidopside A was evaporated under vacuum and the solid was stored at -84 °C 
until added to growth medium. 
Four-day old wild-type and feronia mutant seedlings were transferred to petri 
dishes containing 1/2MS medium or medium containing 20 µM purified Arabidopside 
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A dissolved in methanol. After four days, the roots from each genotype with each 
treatment were measured and compared.   
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Figures 
 
Figure 1. A) Volcano plot displaying the p-value versus fold change for m/z values in 
the mass spectra of the nonpolar leaf extracts in both ion modes. Points on the left-
hand side of the chart indicate the signal intensity of the metabolite is greater in the 
wild-type leaves whereas points on the right-hand side indicate metabolites whose 
signal intensity is greater in feronia leaves.  Colored circles represent potentially 
important metabolites: green circle – m/z 797.45, fold change 71, p-value 0.0018; 
orange circle – m/z 825.48, fold change 31, p-value 0.0067; pink circle – m/z 847.49, 
fold change 79, p-value 0.0027; purple circle – m/z 1009.54, fold change 70, p-value 
0.0012.  The remaining data points are noted in Table S1.  This volcano plot was 
produced using The Plant/Eukaryotic and Microbial Systems Resource (PMR) 
database.  B) MS/MS of three Arabidopside compounds in positive ion mode.  All 
species are seen as sodiated adducts.  Some fragments are annotated on the 
Arabidopside structures as well as in the MS/MS spectra. 
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Figure 2. A) Photo of wild-type and feronia leaves after wounding 3-4 times across 
the midvein. B) Arabidopside signal intensities relative to pheophytin a signal in 
feronia mutant and wild-type leaf extracts with and without wounding. * signifies p-
value < 0.05, ** signifies p-value < 0.01, *** signifies p-value < 0.001. Error bars 
indicate standard deviation, and n=6 for all samples. C) Quantification of jasmonic 
acid, dinor-oxo-phytodienoic acid (dnOPDA), and oxo-phytodienoic acid (OPDA) 
using LC-Q-TOF MS.  The levels of JA, OPDA and dnOPDA are compared in wild-
type and feronia wounded and non-wounded nonpolar leaf extracts.   * signifies p-
value < 0.05, ** signifies p-value < 0.01, *** signifies p-value < 0.001.  Error bars 
indicate standard deviation, and n=4 for all samples.  
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Figure 3. A) Photo of root from biological assay. B) Comparison of root length for 
wild-type and feronia mutant plants with and without exposure to Arabidopside A. 
Control = grown in medium, Ara20 = grown in medium with 20uM Arabidopside A. * 
signifies p-value < 0.05, ** signifies p-value < 0.01, *** signifies p-value < 0.001., **** 
signifies p-value < 0.0001. Error bars indicate standard deviation and n=6 for all 
samples. 
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Figure 4. A)  Mass spectrometry images of Arabidopsides in fractured feronia and 
wild-type leaves.  The family of Arabidopside compounds show localizations in 
wounded areas.  The top row displays images of a feronia leaf and the bottom row 
images of a wild-type leaf.  Samples were imaged at 100 µm spatial resolution using 
DHB as a matrix.  Red boxes indicate mechanical wounding locations.  B) High-
resolution MSI of a non-wounded feronia mutant leaf cross-section.  Single spectra 
on the left correspond to single pixels in the MSI overlay of pheophytin a (green) and 
Arabidopside A (blue).  The single pixel spectra suggest that Arabidopsides (when 
present) are co-localized with pheophytin a, a chloroplast-related compound.  
Samples were imaged at 5 µm spatial resolution using a binary Fe3O4:DHB matrix. 
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Supplemental Discussion 
A Series of Biomarker Peaks in the Nonpolar Positive Mode Precursor Spectra 
The mass spectrum of the feronia mutant nonpolar leaf extract is closely 
interpreted in Figure S2.  In the case of m/z 813.42 and 797.45, there is a mass 
difference of 15.97 Da, the same mass difference between K and Na, suggesting the 
two are potassium and sodium adducts, respectively of the same compound.  
Between m/z 797.45 and 825.48, as well as m/z 1071.64 and 1099.67, there is a 
mass difference of 28.03 Da corresponding to C2H4, which is typically seen for a 
series of lipid species (e.g., palmitic (16:0) vs stearic (18:0) acid).  Additionally, there 
is a mass difference of 274.19 Da (C18H26O2) between m/z 1071.64 and 797.45, and 
between m/z 1099.67 and 825.48, suggesting both metabolites have a common side 
chain.  Finally there is a mass difference of 162.05 Da (C6H10O5) between m/z 
987.53 and 825.48, which matches the chemical composition of a 
glucosyl/galactosyl group.  The apparent structural relationships in this series of 
peaks indicate they might be a series of sugar-containing lipid species, and 
potentially related to FERONIA.   
 
MS/MS Characterization of Arabidopsides 
In the three MS/MS spectra of Arabidopside A, B, and D (Figure 1B), 
commonalities include neutral losses of 162.05 Da (C6H10O5, galactosyl) and 292.20 
(C18H28O3, 12-oxo-phytodienoic acid (OPDA)).  Additionally, m/z 275.20 and 315.19 
are present in all three MS/MS spectra which correspond to OPDA related peaks.  
Finally, m/z 533.27 is present in all the spectra and are annotated as a loss of dinor-
OPDA (dnOPDA, 264.17 Da) in Arabidopside A, a loss of OPDA in Arabidopside B 
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(292.20 Da), and a loss of OPDA and galactosyl group (454.25 Da) in Arabidopside 
D.  In the MS/MS spectrum of m/z 797, the mass difference of 28.03 Da between 
m/z 533.27 and 505.24 corresponds to the two carbon chain length difference 
between OPDA and dnOPDA.  In negative ion mode, the formate adducts of these 
three Arabidopsides can also be found (Figure S3).  All have the characteristic peak 
at m/z 291.20 which corresponds to OPDA, as well as the neutral loss of formic acid, 
resulting in the deprotonated molecules, [M-H]-.  Assignments of other fragments are 
shown in Figure S3. 
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Supplemental Figures and Tables 
 
Supplemental Figure 1. Comparison of representative mass spectra from wild-type 
and fer leaf nonpolar extracts using direct infusion FT-ICR MS.  A) Positive ion mode 
spectra of fer mutant (top) and wild-type (bottom) and B) negative ion mode spectra 
of fer (top) and wild-type (bottom).   
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Supplemental Figure 2.  Representative spectra from feronia mutant nonpolar leaf 
extracts displaying MGDG species.  A) Zoomed in spectrum showing Arabidopside 
A (m/z 797.446) and MGDG (18:3/18:3) (m/z 797.519) are both present and B) 
MGDG (16:3/18:3) (m/z 769.487).  MGDG species are detected, although not easily 
visualized in spectra covering a wide mass range. 
 
 
Supplemental Figure 3.  Zoomed spectra of the nonpolar extract of fer mutant in 
positive mode showing structural relation of features.  A series of peaks that are 
more abundant in the fer mutant includes repeating differences of C2H4 (28.03 Da), 
C6H10O5 (162.06 Da, a monosaccharide), and C18H26O2 (274.19 Da).   
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Supplemental Figure 4. MS/MS of three compounds significantly enriched in the 
nonpolar extract in negative mode. All species are formate (HCOO-) adducts. A) 
Arabidopside A, B) Arabidopside B, and C) Arabidopside D. 
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Supplemental Figure 5.  Comparison of representative positive mode mass spectra 
from nonpolar leaf extracts with and without wounding obtained with direct injection 
Q-TOF MS.  A) fer non-wounded, B) wild-type non-wounded, C) fer 15-minutes post-
wounding, and D) wild-type 15-minutes post-wounding.  Multiple Arabidopsides were 
detected as labeled in panel A. 
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Supplemental Figure 6. Comparison of negative mode mass spectra from nonpolar 
leaf extracts with and without wounding obtained with direct injection Q-TOF MS.  A) 
fer non-wounded, B) wild-type non-wounded, C) fer 15-minutes post-wounding, and 
D) wild-type 15-minutes post-wounding. Red boxes indicate metabolites that 
increase in both genotypes after wounding. 
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Supplemental Figure 7. Comparison of representative spectra from fer and wild-
type leaf polar extracts in A) positive and B) negative ion mode using direct injection 
QTOF MS.   
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Supplemental Figure 8.  Mass spectrometry images of Arabidopsides in fractured 
fer and wild-type leaves.  The family of Arabidopside compounds show localizations 
in wounded areas. Samples were imaged at 30 µm spatial resolution using Fe3O4 
nanoparticles as a matrix.
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Supplemental Table 1. Mass lists corresponding to the PMR volcano plot in Figure 
1A for wild-type and feronia nonpolar leaf extracts in positive and negative modes.  
Colored m/z values correspond to colored circles in the volcano plot. 
A: More Abundant in Wild-Type (+) 
m/z Fold 
Change 
p-value 
1255.298 125.6 1.86E-05 
1256.292 82.37 3.78E-07 
1200.211 46.49 0.000275 
1199.356 33.36 0.000131 
1199.208 33.17 0.001025 
593.703 26.21 0.0008 
1227.281 20.86 2.75E-06 
1199.865 17.14 0.00026 
1228.285 16.1 0.000168 
593.665 15.83 0.00221 
1198.870 14.41 2.40E-05 
565.673 9.795 1.82E-05 
593.620 8.533 0.001927 
1199.049 7.934 0.002805 
592.614 7.923 0.004911 
564.589 7.846 0.005999 
1200.042 7.653 0.002566 
564.665 7.362 0.005502 
1172.014 7.126 0.007877 
592.696 6.912 0.004001 
1255.902 6.422 0.008704 
592.657 6.067 0.003443 
592.736 6 0.00381 
1255.097 5.86 0.000152 
1257.273 5.112 5.08E-05 
564.629 4.757 0.004674 
620.738 4.272 0.007156 
685.477 4.211 0.009542 
537.567 4.193 0.009185 
592.774 4.064 0.009781 
537.603 3.711 0.00909 
537.634 3.688 0.008408 
537.667 3.671 0.008405 
967.987 3.394 0.000503 
594.713 3.333 0.001307 
268.323 3.258 0.007743 
621.744 3.22 0.003504 
536.530 3.114 0.006691 
592.576 3.114 0.008782 
509.581 2.996 0.000523 
915.594 2.698 0.002491 
911.932 2.405 0.008129 
649.781 2.339 0.002953 
536.564 2.163 0.00656 
300.285 2.157 0.00853 
916.593 2.144 0.001286 
536.598 2.136 0.007052 
648.504 2.063 0.001657 
939.955 2.056 0.008154 
1061.755 2.017 0.003029 
1057.825 1.947 3.81E-05 
 
 
B: More Abundant in feronia (+) 
m/z Fold 
Change 
p-value 
797.445 71.11 0.001827 
798.499 48.03 0.000848 
825.477 31.3 0.006665 
813.471 25.32 0.005377 
797.419 23.13 0.000316 
797.568 20.14 0.000368 
814.479 9.12 0.004178 
593.303 8.815 0.001695 
502.270 7.873 0.006919 
799.503 6.042 0.006257 
1116.707 2.774 0.00034 
623.513 2.328 0.004517 
538.543 2.294 0.004504 
539.548 2.25 0.00091 
622.506 2.107 0.000875 
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Supplemental Table 1 continued. 
 
 
C: More Abundant in Wild-Type (-) 
m/z Fold 
Change 
p-value 
374.242 12.62 0.000621 
420.248 7.852 0.002239 
375.245 6.233 0.009256 
815.485 5.344 0.009913 
938.532 4.144 0.001534 
815.523 3.829 0.007508 
951.504 3.304 0.006983 
667.448 2.715 0.00464 
939.516 2.537 0.004673 
1079.702 2.502 0.000234 
1844.715 2.267 0.005241 
952.486 2.261 0.004543 
1080.699 2.175 0.004741 
 
 
D: More Abundant in feronia (-) 
m/z Fold 
Change 
p-value 
847.483 79.23 0.002719 
1009.537 69.45 0.001224 
1010.536 46.3 1.65E-05 
820.446 37.3 0.006509 
821.456 36.35 0.000377 
848.483 35.26 0.000699 
887.444 28.25 0.001258 
755.442 12.48 0.000343 
836.463 9.376 0.003806 
719.384 9.331 0.007214 
837.462 8.803 0.002531 
809.431 8.112 0.001359 
1077.559 7.841 0.000765 
865.453 6.143 0.000333 
1011.564 5.728 0.001716 
757.432 5.476 0.000354 
1078.571 5.4 0.000443 
849.502 5.322 0.005512 
1011.494 5.318 0.000401 
757.472 5.067 4.22E-05 
756.456 4.649 3.86E-05 
756.417 4.528 0.000562 
819.199 4.42 0.000375 
822.475 4.374 0.006913 
720.410 4.127 0.000252 
739.426 3.776 0.000894 
735.361 3.665 0.009314 
720.377 3.578 0.000181 
773.463 3.35 0.00145 
973.599 3.229 6.06E-05 
974.607 2.906 0.002565 
838.482 2.898 0.002534 
865.395 2.641 0.00381 
829.442 2.565 0.003856 
845.492 2.54 0.00719 
973.536 2.369 0.00107 
830.498 2.321 0.007507 
830.446 2.216 0.002178 
853.476 2.073 0.009164 
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Abstract 
Metabolomics experiments require chemical identifications, often through 
MS/MS analysis.  In mass spectrometry imaging (MSI), this necessitates running 
several serial tissue sections or using a multiplex data acquisition method.  We have 
previously developed a multiplex MSI method to obtain MS and MS/MS data in a 
single experiment to acquire more chemical information in less data acquisition time.  
In this method, each raster step is composed of several spiral steps and each spiral 
step is used for separate scan event (e.g. MS or MS/MS).  One main limitation of 
this method is the loss of spatial resolution as the number of spiral steps increases, 
limiting its applicability for high-spatial resolution MSI.  In this work, we demonstrate 
multiplex MS imaging is possible without sacrificing spatial resolution by the use of 
overlapping spiral steps, instead of spatially separated spiral steps as used in the 
previous work.  Significant amounts of matrix and analytes are still left after multiple 
spectral acquisitions, especially with nanoparticle matrices, so that high quality MS 
and MS/MS data can be obtained on virtually the same tissue spot.  This method 
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was then applied to visualize metabolites and acquire their MS/MS spectra in maize 
leaf cross-sections at 10 µm spatial resolution.   
 
Introduction 
Mass spectrometry imaging (MSI), especially using matrix-assisted laser 
desorption/ionization (MALDI), is increasingly becoming a useful method for tissue 
analysis [1].  Recent advancements in high-spatial resolution, novel matrices, and 
sample preparation methods have allowed MALDI-MSI to become a powerful 
technique that has been applied to study a variety of biologically relevant questions, 
from cancer biomarker discovery to seed germination [2, 3].  Traditionally these 
types of studies have been done using gas chromatography-mass spectrometry 
(GC-MS) or liquid chromatography-tandem mass spectrometry (LC-MS/MS) which 
require sample homogenization prior to analysis.  The main advantage of MSI over 
more traditional metabolomics methods is that it provides localizations of metabolites 
as well as chemical information.  
One critical aspect of these types of metabolomics experiments is the need to 
confidently identify the metabolites, which is often achieved through MS/MS 
analysis.  In mass spectrometry imaging, this necessitates either running MS/MS on 
separate tissue sections or simultaneous MS/MS data acquisition on the same 
tissue.  MS/MS on adjacent tissue sections is possible but can be time-consuming 
and sometimes problematic for highly localized compounds or limited sample 
quantities.  Additionally, it requires little variability in sample preparation for best 
results.  We have previously developed an approach, termed multiplex MSI, to split 
each imaging pixel into several spiral steps and acquire MS and MS/MS in-parallel, 
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thereby increasing the amount of information obtained in a single imaging run [4].  
We have demonstrated the usefulness of this data acquisition method for various 
applications including latent fingerprints and the germination of corn seeds [5, 6].  
We also demonstrated multiplex imaging with polarity switching to characterize both 
positive and negative ions in the same data acquisition [7]. 
In a multiplex data acquisition, each raster step is broken into several spatially 
separated spiral steps to allow multiple different data sets to be acquired in a single 
run.  The size of each spiral step is carefully chosen to be approximately equal to the 
laser spot size and each spiral step is collected at a separate spot.  However, this 
method results in lower spatial resolution as the pixel size doubles when four spiral 
steps are used and triples for nine spiral steps, thus limiting the application of 
multiplex MSI for high-spatial resolution MSI.   
Tissue damage with MALDI-MSI is often so mild that additional experiments 
can be performed for the same tissue.  For example, Deutskens et al. has shown 
histochemical staining is possible with the tissue sections used for MALDI-MSI after 
matrix removal [8].  Based on their success in visualizing histological features after 
MALDI-MSI analysis, we extended this idea to collecting MS data multiple times on a 
single tissue spot.  In this work, instead of using spatially separated spiral steps, we 
use a multiplex approach with overlapping spiral steps, and demonstrate that there 
is enough matrix and analytes in well-controlled experimental conditions to obtain 
multiple MS and MS/MS spectra on the same sample spot.  This avoids sacrificing 
spatial resolution in imaging analyses while still allowing multiple scan events on a 
single tissue sample in a single data acquisition.  This method is tested for standard 
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samples as a proof of concept experiment, and then applied for MSI of maize leaf 
sections at 10µm high-spatial resolution.   
 
Experimental 
Materials 
Organic matrixes were purchased from Sigma-Aldrich (St. Louis, MO, USA): 
1,5-diaminonaphthalene (DAN, 97%) and 2,5-dihydroxybenzoic acid (DHB, 98%).  
Iron oxide nanoparticles (NPs) (Fe3O4, 11 nm, no organic capping) were synthesized 
according to a previously published method [9].  Boron-doped nano-diamond NPs 
(carbon concentration >98.3%, doped with 3 wt% boron, 3-10 nm) were purchased 
from US Research Nanomaterials, Inc. (Houston, TX).  The NPs were suspended in 
isopropyl alcohol upon arrival.  Isopropyl alcohol (LCMS Chromasolv®) was 
purchased from Sigma Aldrich (St. Louis, MO).  A silver sputtering target (99.99% 
Ag, 57mm x 0.3mm) was purchased from Ted Pella, Inc. (Redding, CA).  The 
metabolite standards malic acid, glucose, glucose 6-phosphate, sucrose, 
asparagine, glutamic acid, isoleucine, glycerol tripalmitate, biotin (vitamin H), and 
vanillic acid (Fluka) were purchased from Sigma Aldrich (St. Louis, MO).  Ascorbic 
acid was purchased from Fisher Science Education (Nazareth, PA).  
Phosphoenolpyruvic acid monopotassium salt was purchased from Alfa-Aesar 
(Ward Hill, MA).  Rac-Glycerol 1-phosphate disodium salt hexahydrate was 
purchased from Santa Cruz Biotechnology (Dallas, TX).  Phosphocholine chloride 
sodium salt hydrate was purchased from Tokyo Chemical Industry Co. (TCI, 
Philadelphia, PA).  Gelatin from porcine skin (300 bloom) was purchased from 
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Electron Microscopy Sciences (Hatfield, PA, USA).  B73 inbreed corn seeds were 
obtained from Dr. Marna Yandeau-Nelson at Iowa State University. 
 
Standard Sample Preparation 
The standard compounds were initially prepared in water and diluted with 
isopropyl alcohol to a final concentration of 100 µM.  The standard mixture was 
applied to a clean glass slide using an oscillating capillary nebulizer (OCN) [10].  
Following this the matrix was applied via sublimation (DHB and DAN) [11], sputter 
coating (Ag), or OCN (Fe3O4 and BDND).  Iron oxide and boron-doped nano-
diamond NPs were suspended in isopropyl alcohol at 5 mM and 100 mM, 
respectively, based on previous optimization [12].  Sputter conditions for silver 
deposition were as follows: 40 mA, 10 psi Ar, and 5 seconds.  For the BDND/Ag 
samples, silver was sputtered as above and then BDND was spray-deposited.  All 
standard samples were analyzed using a nine-spiral step acquisition method with a 
spiral step of 1 µm and a raster step of 50 µm using a laser energy optimized for 
each matrix.   
 
Maize Leaf Preparation and Imaging 
The maize plants were grown in a greenhouse in soil for 11 days before 
harvesting sections at the midpoint of the leaf.  Leaf pieces were immediately 
embedded by placing them in a cryo-mold containing 10% w/v gelatin.  Molds were 
transferred to a cryostat (CM1850; Lecia Microsystems, Buffalo Grove, IL) pre-
chilled to -22 °C and allowed to equilibrate.  Sections of 10 µm thickness were 
collected on tape windows (Lecia Biosystems, Buffalo Grove, IL) and then taped to 
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chilled glass slides.  Samples were stored at -80 °C until needed.  Before analysis 
the slides were lyophilized under vacuum before matrix application.  Matrixes were 
applied as discussed previously in the standard sample section. 
 
Instrumentation and Multiplex Data Acquisition 
Data was acquired using a MALDI-linear ion trap (LIT)-Orbitrap mass 
spectrometer (MALDI-LTQ-Orbitrap Discovery; Thermo Finnigan, San Jose, CA) 
with an external frequency-tripled Nd:YAG laser (UVFQ; Elforlight Ltd., Daventry, 
UK).  The laser energy was optimized individually for each matrix and 10 laser shots 
were used for every spiral step.  
A typical multiplex MSI data acquisition method involves splitting each raster 
step into several spiral steps (Figure 1B).  The spiral step and raster step size are 
carefully chosen considering the laser spot size to ensure there is no overlap 
between spiral or raster steps.  Each spiral step consists of a different scan event 
(e.g. specific mass range Orbitrap scan or an ion trap MS/MS scan).  In this study 
instead of spatially separated spiral steps, we used a 1 µm spiral step (the 
instrument minimum), which allowed all spiral steps to be acquired in essentially the 
same location.  For standard samples, all nine spiral steps consisted of Orbitrap 
scans with the mass ranges differing by 1 Da to allow easy data analysis of separate 
data sets (e.g. spiral step 1 – m/z 50-1000, spiral step 2 – m/z 50-1001, etc.).  For 
on-tissue analysis, spiral steps were either all Orbitrap scans, or a combination of 
Orbitrap scans and data-dependent MS/MS.  For these data sets only four spiral 
steps were used.  The following multiplex MSI strategy was adopted to combine MS 
and MS/MS acquisition in a single run: spiral step 1 was a high mass range (m/z 
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600-1600) Orbitrap scan, spiral step 2 was data-dependent MS/MS of spiral step #1, 
spiral step 3 was a low mass (m/z 50-800) Orbitrap scan, and spiral step 4 was data-
dependent MS/MS of spiral step #3.  Data-dependent scans used precursor mass 
lists containing previously observed compounds, but if no mass on the list was 
found, MS/MS was done of the most intense peak in the scan.  An isolation window 
of ±1.5 Da and exclusion duration of 60 seconds were used.   
All images shown were generated using ImageQuest (Thermo) with a ±0.01 
Da mass tolerance with normalization to the TIC.  The maximum and minimum 
values within each data set were set to the same values to facilitate comparisons.  
Peak assignments were made using accurate mass as well as MS/MS.   
 
MS/MS Filtering 
MS/MS spectra were filtered to remove as many low-quality spectra as 
possible.  Filtering parameters for positive mode were as follows: total ion count 
(TIC) threshold of 1000 and a minimum of 10 fragment ions.  For negative mode, a 
TIC threshold of 75 and a minimum of 3 fragment ions were used.   From this list, all 
masses within ±0.01 Da were treated as the same compound.  Then, to obtain the 
number of unique MS/MS spectra, 13 carbon isotopes were removed based on a 
mass difference of 1.00335 Da.  Additionally in positive mode, multiple adducts (Na, 
K, and Ag where applicable) were removed. 
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Results and Discussion 
Overlapping Multiplex Acquisition for Standard Mixture Analysis 
An overlapping multiplex data acquisition method is proposed here to obtain 
MS and MS/MS spectra on the same tissue without sacrificing spatial resolution.  In 
a typical MS imaging experiment, the laser is rastered across the sample and a 
spectrum is collected at each position (Figure 1A).  However, in multiplex MS 
imaging, each imaging pixel (raster step) is broken into several smaller spatially 
separated spiral steps (Figure 1B) [4].  Each spiral step consists of its own mass 
spectral scan event, either MS or MS/MS.  This method allows MS and MS/MS 
spectra to be acquired in a single experiment with a single tissue.  The limitation of 
this data collection method is a drastic reduction in the spatial resolution.  For a four-
step multiplex data acquisition method, the pixel size of the final image doubles and 
for a nine-step acquisition, it triples, in comparison to a typical raster scan where 
each pixel is not split into multiple spiral steps.  By overlapping the spiral steps 
(Figure 1C), high spatial resolution can be preserved, while still obtaining additional 
MS and MS/MS information, provided enough matrix and analyte remain to obtain 
sufficient signal.  
As an initial proof of concept experiment, a standard mixture of water-soluble 
compounds was used to compare the signal intensity change when an overlapping 
spiral step method is employed.  The standards were analyzed using a nine 
overlapping Orbitrap spiral step data acquisition method with three different 
matrices, Fe3O4 nanoparticles, boron-doped nanodiamond (BDND) nanoparticles, 
and DHB.  The optimal laser energy for each matrix is slightly different.  Therefore, 
data was collected by increasing the laser energy step-wise, and the spectra 
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collected at the optimal energy for each matrix were used for data analysis.  The 
average mass spectra from spiral steps 1 and 5 are shown in Figure 2 for Fe3O4 
nanoparticles, DHB, and BDND matrices.  For Fe3O4, the decrease of overall signal 
is apparent at the 5th spiral step, but most analytes still have sufficient ion signals to 
give a quality MS spectrum (Figure 2A and 2B).  The DHB mass spectrum is 
dominated by a few major analyte peaks at the 1st spiral step, such as 
phosphocholine and its choline fragment (Figure 2C), which are still clearly visible at 
the 5th spiral step, but the signal intensity of the more minor peaks have greatly 
decreased (Figure 2D).  BDND (Figure 2E and 2F) shows a similar trend with Fe3O4, 
although it has much lower overall ion signals even in the first spiral step.   
To evaluate the relative signal decrease over spiral steps, selected analyte 
signals were exported for each scan and the signals at spiral steps 2-9 were 
compared to those at spiral step 1 (Figure 3).  As expected, there is a general 
decrease in signal for all matrices and analytes as the spiral step number increases.  
However, even in the later spiral steps there are still sufficient analyte signals 
present, especially with nanoparticle matrices.  For example, at the 5th spiral step 
Fe3O4 NPs retain 19-23%, BDND retains 14-32%, and DHB retains 6-14% of spiral 
step 1 intensity for the selected analytes in positive mode.  Nanoparticle matrices 
display a significant signal loss at the second step compared to the first step (~60%), 
but then show a relatively gradual signal decrease for the subsequent steps, 
especially for Fe3O4.  In contrast, although the signal loss at the second step with 
DHB as a matrix is similar (~60%) to the nanoparticle matrices, the third step shows 
an additional ~60% loss before the signal decrease becomes more gradual for the 
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subsequent steps. Consistent signals around 5-10% of the original signal intensity at 
the later steps in Figure 3 are not surprising, considering the small new sampling 
area with 1 um spiral step size.  
This behavior can be attributed to nanoparticles' resistance to decomposition 
upon laser irradiation.  Laser burn marks in microscope images support this 
hypothesis (Figure 4).  With DHB, the laser burn marks are clear and large in size, 
~13 m at 10 or 20 shots, and become slightly bigger at 50 shots (~16 m).  With 
nanoparticle matrices, however, the burn marks are much smaller at 10 or 20 shots 
(~8 m) as well as at 50 shots (~12 m) than those with DHB, despite the fact that a 
higher laser energy is used for nanoparticles.  We hypothesize that the signal loss at 
the subsequent laser shots (or subsequent steps) is mostly due to the loss of matrix, 
rather than consumption of analytes and nanoparticles in general are much more 
resistant to laser induced decomposition.  For tissue imaging, this will be especially 
the case, as there are more analytes present within the tissues than with standard 
analyses.  
 
BDND On-Tissue and the Addition of Sputtered Ag 
 In the initial experiments with water-soluble standards on stainless steel 
slides, BDND was an effective matrix to use with overlapping spiral steps.  In 
subsequent experiments on-tissue, however, BDND displayed high carbon cluster 
background and little overall signal in the high mass region (e.g., m/z > 600).  This is 
in contrast to the standard sample analysis on a stainless steel slide where carbon 
cluster background was minimal and high mass ions were successfully detected.  
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We hypothesize that too much heat is building up with thermally non-conductive 
tissue samples, resulting in the decomposition of the nanodiamond and the 
production of carbon clusters.  Highly abundant carbon clusters interfere with low 
abundance analytes and suppress them.  To prove this hypothesis, glycerol 
tripalmitate (TAG 48:0) was analyzed with BDND as a matrix on a glass slide and on 
a stainless slide.  On the glass slide, there is significant carbon cluster background 
in the high mass range as with the tissue samples (Figure 5A), but they are minimal 
on the stainless steel plate (Figure 5B), less than 1% relative ion abundance.   
 To further verify this hypothesis, a thin layer of Ag was sputter coated on a 
glass slide before applying the BDND matrix.  As expected, the carbon cluster 
background was greatly reduced by adding an Ag layer (Figure 5C) compared to 
only BDND on a glass slide.  The background was similar or even lower when Ag 
was coated on a stainless steel slide (Figure 5D) before BDND was applied.  This 
suggests that a sputtered Ag layer can effectively reduce excess heat, minimizing 
carbon clusters which helps in the analysis of low abundance compounds.  Hence, a 
silver layer can be used to provide heat dissipation for tissue analysis with BDND 
matrix.  It should be noted that pure diamond is known to have a very high thermal 
conductivity (2,200 W/mK), much higher than silver (406 W/mK), but boron doped 
nanodiamond has a low thermal conductivity (42 W/mK) [13]. 
Ag is often used as matrix itself [14-16]; hence, in the following section, we 
use sputtered Ag with and without BDND for on-tissue imaging [14, 15].  A nine 
overlapping spiral step experiment with water-soluble standards was performed as in 
the previous section using BDND with silver and only sputtered silver, which gives 
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similar conclusions (Figure S1); i.e. the overall signal decreases as spiral step 
number increases, but sufficient analyte signals are still present at the 5th spiral step.  
One limitation of silver is that it produces some cluster peaks in the low mass region, 
e.g., 107Agx109Agy, which complicates the spectrum.  Silver, however, is known to 
efficiently ionize sulfur containing compounds [14] and some hydrophobic 
compounds [16], and can be a useful matrix for some of those analytes, as well as in 
negative mode as it eagerly provides electrons. 
 
10 µm Resolution Imaging and MS/MS Using 4 Spiral Step Multiplex 
Acquisition 
 To test the applicability of overlapping multiplex MS imaging on tissue 
samples, a four step-overlapping multiplex MS imaging experiment was performed 
on B73 maize leaf sections with various matrices, five in positive mode and two in 
negative mode.  We decided to adopt only four overlapping steps due to a significant 
signal decrease after four or five spiral steps.  Additionally, when nine spiral steps 
were tested, 10 µm thick tissue sections are often times almost entirely ablated.  The 
first proof of concept experiment was performed with all four spiral steps using MS 
only scans for m/z range of 50 -1600 at spatial resolution of 25 µm.  Figure 6 shows 
representative images for each matrix over the four spiral steps.  The image quality 
slowly decays over the spiral steps; however, in many cases, clear images are still 
visible in steps 3 and 4.  As expected, BDND does not work well on tissue and has 
little signal and DHB has a rapid signal decrease between spiral steps 1 and 2.  In 
positive mode, Fe3O4 and BDND with Ag perform the best, providing the best signals 
and retaining greater signal intensity for more spiral steps.  In negative mode, DAN 
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and Ag perform similarly well and it is interesting to note that unlike DHB (an organic 
matrix), DAN does not have a rapid signal decrease between spiral steps 1 and 2.  
This is also in agreement with the standard analysis where DAN has significant 
signal left in later spiral steps similar to the nanoparticle matrices, but unlike DHB 
(Figure S2).  This experiment indicates that four overlapping spiral steps can readily 
be used for several matrices to collect more data on the same tissue section without 
losing spatial resolution.  
Ultimately the goal of using an overlapping multiplex data acquisition method 
is to obtain high spatial resolution images, along with useful MS/MS spectra, on a 
single tissue in a single experiment.  To this end, we performed a high-spatial 
resolution mass spectrometry imaging experiment at 10 µm resolution for an inbred 
B73 maize leaf sampled at the midpoint.  A four-step multiplex acquisition method 
was used: 1) Orbitrap high mass (m/z 600-1600) spectrum, 2) data-dependent 
MS/MS from spiral step 1, 3) Orbitrap low mass (m/z 50-800) spectrum, 4) data-
dependent MS/MS from spiral step 3 (see Figure 1C).  For this experiment, data was 
collected in both positive and negative ion modes and the matrices used included 
Fe3O4, DHB, BDND/Ag, sputtered Ag, and BDND in positive mode and sputtered Ag 
and DAN in negative mode. 
Figure 7 shows mass spectrometry images displaying distinct localizations of 
various species. Images from the first three columns in positive ion mode, m/z 
816.43 (PE 36:4), m/z 931.49 (DGDG 34:6), and m/z 975.54 (DGDG 36:6), and 
images from the first two columns in negative ion mode, rutin (m/z 609.15) and 
SQDG 34:3 (m/z 815.50), are generated from the first spiral step.  Images in the 
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next two columns in positive ion mode, m/z 381.08 (potassiated di-hexose) and m/z 
412.06 (potassiated DIMBOA-Glc), and the next three columns in negative in mode, 
caffeic acid (m/z 179.04), HMBOA (m/z 194.05), and maysin (m/z 575.14), are from 
the third spiral step.  The images show clear localization differences between 
metabolites which are consistent with our previous report on maize leaf cross-
sections.  DGDG and SQDG are known to be abundant in the chloroplasts and 
appear to be localized to the photosynthetic mesophyll and bundle sheath cells, 
whereas HMBOA and DIMBOA-Glc appear to be localized to the mesophyll cells, 
but only between each pair of vascular bundles, as we reported previously [17, 18].  
Caffeic acid is abundant on both the upper and lower epidermis, whereas maysin 
and rutin are mostly localized to the upper epidermal cells.  Di-hexose (Hex2), most 
likely sucrose, is localized in the vascular bundles, and PE 36:4 is seen in both the 
vascular bundles and the epidermis.  These localizations are consistent among the 
different matrices; however, due to the preferential nature of MALDI matrices for 
particular analytes, some metabolites have low signals depending on the matrices.   
In spite of matrix-dependent analyte selectivity, most matrices show decent 
images, at least for abundant analytes, at spiral step 3 where two spectra have 
already been collected at the particular tissue position.  Data obtained in step 3 
might not be as quantitatively reliable as in step 1 because of the variability in ion 
yield.  However, it is not surprising to observe high quality images in step 3 with 
distinct localizations, considering adequate signal was demonstrated to still be left in 
step 3 with relatively low standard deviations (Figure 3).  In positive mode, Fe3O4 
NPs and BDND NPs with Ag show high-quality images for both steps 1 and 3.  Ag or 
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BDND alone is not as effective as in BDND with Ag, as expected.  In negative mode, 
both Ag and DAN show high-quality images for both steps 1 and 3. 
Finally, since the most important part of this method is to obtain high-quality 
MS/MS spectra in-parallel without sacrificing spatial resolution, the two MS/MS 
scans (spiral steps 2 and 4) were analyzed to determine the number of high quality 
spectra present.  As we acquired MS/MS as data-dependent scans with dynamic 
exclusion, tens of thousands of MS/MS spectra are collected at the end of the 
imaging experiment.  We used a filtering procedure previously described which was 
optimized to remove non-informative low quality MS/MS spectra as much as 
possible (See Experimental for details).  Table 1 shows the total number of high 
quality MS/MS spectra present with each matrix in both positive and negative ion 
modes as well as the number of unique ions that have MS/MS spectra.  Hundreds of 
unique MS/MS spectra were acquired that, along with accurate mass information 
from the precursor scan, can potentially be identified.  Negative ion mode provided 
many more unique high quality MS/MS spectra than in positive mode, which is not 
surprising considering many metabolites are acids and MS/MS is often more efficient 
in negative ion mode.  Figure S3 shows some examples of high quality MS/MS 
spectra obtained in step 2, which could be successfully assigned as PE (36:4), PC 
(34:2), and DGDG (36:6).  We did not attempt to identify all MS/MS spectra as there 
is currently no high-throughput data analysis tool and it is beyond the scope of the 
current work.  
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Conclusions 
Our previously developed multiplex MSI methodology to obtain MS and 
MS/MS data in-parallel was modified to utilize overlapping, rather than spatially 
separated, spiral steps.  Most matrices, including nanoparticles and DAN, display a 
significant signal loss at the second spiral step, but then a gradual decrease for the 
later spiral steps.  In contrast, with DHB there is significant loses at both the second 
and third steps before the signal decrease becomes more gradual.  We successfully 
demonstrated that this overlapping multiplex MSI method can be used for 10 µm 
high-spatial resolution imaging of maize leaf cross-sections in both the high and low 
mass ranges for a variety of metabolites.  Additionally, hundreds of potentially 
identifiable, high-quality, unique MS/MS spectra could be obtained in-parallel.   
 This work suggests that high-spatial resolution can be retained by using 
overlapping multiplex MS imaging while still obtaining adequate signals for useful 
MS and MS/MS data sets, at least up to four spiral steps.  The current significant 
limitation is the lack of an adequate MS/MS database that can be utilized for high-
throughput database searches.  Once this limitation is resolved, multiplex MSI can 
be performed in metabolomics scale [6], without sacrificing high-spatial resolution. 
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Figures and Tables 
 
Figure 1. Diagrams comparing data acquisition methods.  A) typical MALDI MSI 
experiment, B) multiplex data acquisition, and C) overlapping multiplex data 
acquisition.  Blue squares represent high mass (m/z 600-1600) Orbitrap scans, 
green squares represent data-dependent MS/MS and orange squares represent low 
mass (m/z 50-800) Orbitrap scans. 
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Figure 2.  Average spectra comparison for spiral steps 1 and 5 in positive mode.  
Major analyte peaks are labeled as follows: MA = malic acid , VA = vanillic acid, AA 
= ascorbic acid, PCho = phosphocholine, Chol = choline, G3P = glycerol 3-
phosphate, Glc-6-P = glucose 6-phosphate, Glc = glucose, Suc = sucrose, Asn = 
asparagine, Glu = glutamic acid, Ile = iso-leucine, Vit-H = vitamin H. Asterisks (*) 
represent matrix peaks or contaminations. A hashtag (#) indicates a water loss.  
Analytes are detected as protonated species or alkaline adducts as indicated with 
colors, expect for PCho and Chol which are detected as molecular ions (black). 
Color scheme is as follows: red indicates sodium adducts, blue indicates potassium 
adducts, and green for protonated. 
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Figure 3.  Signal comparison for selected compounds for each spiral step in positive 
mode. Each bar graph corresponds to the ion signal intensity in spiral steps 2-9 
normalized to that ion signal intensity in spiral step #1.  The signal intensity for spiral 
step #1 for each matrix is listed in italics.   
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Figure 4.  Microscope images after spiral steps 1, 2, and 5 for DHB, BDND, and 
Fe3O4 matrices.  Scale bar represents 50 µm.  
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Figure 5.  High-mass range spectra comparing BDND to Ag+BDND on glass and 
stainless steel slides.  Note that B-D represent zoomed in spectra to allow 
visualization of low abundance carbon cluster peaks (represented with grey 
squares). Asterisks (*) represent contaminations.   
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Figure 6. On-tissue Orbitrap images using a 4-spiral step acquisition method 
comparing the signal intensity between spiral steps for representative compounds in 
positive and negative mode.  All images for a particular matrix are set to the same 
maximum and minimum values to facilitate comparison. 
78 
 
Figure 7.  10µm Resolution Images using a 4-step overlapping multiplex data 
acquisition in positive and negative ion mode.  The first three columns for positive 
mode and first two columns in negative mode represent images from spiral step 1.  
The next two columns in positive and next three columns in negative are image from 
spiral step 3.  The final column shows an overlay of three different metabolites to 
highlight localization differences.   
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Table 1.  High quality and unique MS/MS obtained using 4-Step overlapping 
multiplex acquisition on maize leaf tissue.  MS/MS spectra were filtered based on 1) 
number of peaks (minimum of 10 for positive and 3 for negative) and 2) TIC 
(minimum of 1000 and 75 for positive and negative mode, respectively).  For the 
number of unique MS/MS, 13-carbon isotopes as well as multiple adducts (+Na and 
+K in positive mode and water loss in negative mode) were removed. 
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Supplemental Figures 
 
Supplemental Figure S1.  Average spectra comparison for spiral steps 1 and 6 in 
positive mode with  Ag+BDND and Ag matrices.  Major analyte peaks are labeled as 
follows: MA = malic acid , VA = vanillic acid, AA = ascorbic acid, PCho = 
phosphocholine, Chol = choline, G3P = glycerol 3-phosphate, Glc-6-P = glucose 6-
phosphate, Glc = glucose, Suc = sucrose, Asn = asparagine, Glu = glutamic acid, Ile 
= iso-leucine, Vit-H = vitamin H. Asterisks represent matrix peaks or contaminations. 
A hashtag (#) indicates a water loss.  Analytes are detected as silver adducts or 
alkaline adducts as indicated with colors, expect for Chol which are detected as 
molecular ions (black). Color scheme is as follows: red indicates sodium adducts, 
blue indicates potassium adducts, and green for silver adducts. 
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Supplemental Figure S2.   Negative mode spectra and signal comparison.  a-d) 
Major analyte peaks are labeled as follows: MA = malic acid , VA = vanillic acid, AA 
= ascorbic acid, G3P = glycerol 3-phosphate, Glc = glucose, Suc = sucrose, Asn = 
asparagine, Glu = glutamic acid, Ile = iso-leucine, Vit-H = vitamin H. Asterisks 
represent matrix peaks or contaminations.  Analytes are detected as deprotonated 
peaks or a deprotonated peak with a water loss.  A hashtag (#) indicates a water 
loss. e-f) Each bar graph corresponds to the ion signal intensity in spiral steps 2-9 
normalized to that ion signal intensity in spiral step #1.  The signal intensity for spiral 
step #1 for each matrix is listed in italics. 
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Supplemental Figure S3. Examples of MS/MS spectra obtained with four spiral 
step overlapping multiplex data acquisition.  All spectra are obtained from spiral step 
#2. 
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CHAPTER 4.    SPUTTER COATED METAL SCREENING FOR SMALL 
MOLECULE ANALYSIS AND HIGH-SPATIAL RESOLUTION IMAGING IN LASER 
DESORPTION IONIZATION MASS SPECTROMETRY 
A paper submitted to Journal of the American Society for Mass Spectrometry 
Rebecca L. Hansen, Maria Emilia Dueñas, and Young Jin Lee 
 
Abstract 
Nanoparticles are efficient matrices in laser desorption/ionization (LDI) mass 
spectrometry (MS), especially for the profiling or imaging of small molecules. 
Recently, solvent free physical vapor desorption (PVD), or sputter coating, was 
adopted as a homogenous method to rapidly apply metal nanoparticles (NPs) in situ 
to samples prior to LDI MS or MS imaging analysis. However, there has been no 
systematic study comparing different metal coatings for the analysis of a variety of 
small molecule metabolites. Here, we present a screening and optimization of 
various sputter coated metals, including Ag, Au, Cu, Pt, Ni, and Ti, for LDI analysis 
of small molecules in both positive and negative ion modes. Optimized sputter 
coating is then applied to high-spatial resolution LDI-mass spectrometry imaging 
(MSI) of maize root and seed cross-sections. Noble metals, Ag, Au, and Pt, are 
found to be much more efficient than transition metals and organic matrices for most 
small metabolites. Sputter coated metals are efficient for neutral lipids, such as 
triacylglycerols and diacylglycerols, but are very inefficient for most phospholipids. 
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Introduction 
Various types of nanoparticles (NPs), especially carbon-based NPs and metal 
oxide NPs, have been reported to be efficient matrices for laser desorption/ionization 
mass spectrometry (LDI-MS) analysis for a variety of applications [1-4]. NPs have no 
or low matrix background, and are therefore particularly useful for the analysis of 
low-molecular weight compounds. This is in contrast to traditional organic matrices 
which display high matrix background that can interfere with small molecule 
analysis. Other advantages of NPs include high laser absorptivity in the UV range, 
non-volatility--thus are stable in vacuum conditions for MS imaging experiments--, 
and no "hot spot" formation issues as they can be homogenously applied.  
Previously we have performed a large-scale screening of thirteen different 
NPs, including three carbon-based NPs, six metal oxide NPs, and four metal NP 
suspensions, for the analysis of two dozen small metabolites that represent a wide 
variety of classes of compounds [5]. We found that although metal NP suspensions 
did show some success as matrices, their tendency to aggregate in solution greatly 
limited their suitability as matrices. This aggregation was especially apparent and 
rapid for platinum and gold, and to a lesser extent for copper and silver [5]. Capping 
agents (e.g. citrate) are commonly used in nanoparticle synthesis to control the size 
of NPs and improve NP stability. NPs capped with organic compounds have been 
previously utilized in LDI-MS, especially for macromolecule analyses [6-8]. For small 
molecule analysis, however, the release of organic capping agents in LDI analyses 
often results in ion suppression, thus minimizing their practicality as small molecule 
matrices [9, 10]. Some capping agents have been successfully used in LDI-MS of 
small molecules though, such as glutathione-capped iron oxide NPs for glycans [11]. 
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Physical vapor deposition (PVD), or sputter coating, has been reported to be 
an efficient means to create metal nanoparticles in situ [12-16]. Sputter coating 
allows metal NPs to be rapidly and homogenously deposited onto samples in 
nanometer thin layers, and thus eliminates the aggregation problem in metal NP 
suspensions. Although several studies have used sputter coating to apply metal 
matrices for LDI analysis, these studies have focused solely on one metal for a 
particular class of compounds. For example, sputtered Au has been used to analyze 
neurotransmitters and fatty acids in mice tumors [12], Na-doped Au to detect 
triacylglycerols (TAGs) on tissue [14], Ag to visualize cholesterol in human 
fibroblasts [15] as well as olefins in mice and rat tissues [13], and Pt combined with 
2,5-dihydroxybenzoic acid as a matrix for phosphocholines (PC) and 
phosphoethanolamines (PE) in rat brain tissue [16]. To date, no effort has been 
made to systematically compare multiple metals for the analysis of a variety of 
classes of small metabolites.  
In this work, six metals, gold (Au), silver (Ag), copper (Cu), platinum (Pt), 
nickel (Ni), and titanium (Ti), are tested for their efficiency as matrices for LDI 
analysis of small molecules when deposited via sputter coating. Firstly, the metals 
are optimized and applied to the analysis of a water-soluble and a water-insoluble 
standard mixture of compounds. Once the experimental conditions are optimized, 
these six metals are applied to the LDI mass spectrometry imaging (MSI) analysis of 
maize root and seed cross-sections, in both positive and negative ion mode. 
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Experimental 
Materials 
Metal sputtering targets, gold (99.99% Au), silver (99.99% Ag), copper 
(99.99% Cu), platinum (99.95% Pt), nickel (99.98% Ni), and titanium (99.6%) were 
purchased from Ted Pella, Inc. (Redding, CA, USA). 2,5-dihydroxybenzoic acid 
(DHB, 98.0%) and 1,5-diaminonaphthalene (DAN, 97.0%) were purchased from 
Sigma Aldrich (St. Louis, MO, USA). The metabolite standards malic acid, glucose, 
glucose-6-phosphate, sucrose, asparagine, glutamic acid, isoleucine, biotin (vitamin-
H), glycerol tripalmitate, vanillic acid, and oleic acid were purchased from Sigma 
Aldrich (St. Louis, MO, USA). Ascorbic acid was purchased from Fisher Scientific 
(Hampton, NH, USA). Phosphoenolpyruvic acid monopotassium salt was purchased 
from AlfaAesar (Ward Hill, MA, USA). Rac-glycerol 1-phosphate disodium salt 
hexahydrate was purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). 
Phosphocholine chloride sodium salt hydrate was purchased from Tokyo Chemical 
Industry Co. Ltd (Philadelphia, PA, USA). Parthenolide was purchased from TORIS 
Bioscience (Bristol, United Kingdom). Phospholipid mixture [L-α-phosphatidylcholine, 
20% (Soy) (Soy Total Lipid Extract)] was purchased from Avanti Polar Lipids, Inc. 
(Alabaster, AL, USA). Chloroform (Certified ACS) and water (Optima LC/MS) were 
purchased from Fisher Scientific (Hampton, NH, USA). Isopropanol (LCMS 
Chromasolv®) was purchased from Sigma Aldrich (St. Louis, MO, USA). µFocus 
MALDI plates (90 circles, 600µm) were purchased from Hudson Surface Technology 
(Old Tappan, NJ, USA). Gelatin from porcine skin (300 bloom) was purchased from 
Electron Microscopy Sciences (Hatfield, PA, USA). B73 inbred corn seeds were 
obtained from Dr. Marna Yandeau-Nelson at Iowa State University. 
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Preparation of Metabolite Standards  
Two sets of standard solutions, water-soluble and water-insoluble, were 
prepared in either water or chloroform, respectively at 1 mM for each analyte.   The 
water-soluble standard mixture includes malic acid, vanillic acid, ascorbic acid, 
phosphoenolpyruvic acid, glycerol-3-phosphate, phosphocholine, glucose, sucrose, 
glucose-6-phosphate, glutamic acid, isoleucine, asparagine, and vitamin-H.  The 
water-insoluble standard mixture includes glycerol tripalmitate, oleic acid, 
parthenolide, and assorted phospholipids (soy lipid phospholipid mixture).  For the 
phospholipid mixture, an average molecular weight of 1000 g mol-1 was used to 
calculate concentration, as it contains a mixture of lipid species.  The standards 
were diluted 1:10 in isopropanol for a final concentration of 100 µM for each 
standard.  Each standard solution was spotted (2 µL) onto a µFocus MALDI plate 
pre-heated to 35°C to ensure uniform deposition.   
 
Preparation of Maize Root and Seed  
A B73 inbred corn seed was imbibed by shaking it for 10 minutes at 300 rpm 
in a glass scintillation vial with deionized water.  Using a razor blade, the seed was 
cut longitudinally approximately halfway between the edge and center.  The seed 
was then immediately flash frozen in liquid nitrogen to prevent metabolite turnover.  
Once frozen, the seed was placed, cut-side down, into a cryo-mold which was then 
filled with a 10% w/v gelatin solution, and then immediately frozen with liquid 
nitrogen.   
To prepare root cross-section samples, B73 inbred corn seeds were grown 
using a previously described method [17].  Briefly, a row of seeds, embryo facing 
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down, were staggered along the top edge of a moist brown paper towel.  The paper 
towel was then rolled tightly enough to hold the seeds in place and the bottom of the 
roll was placed into a 1 L beaker filled halfway with water.  The seeds were grown 
for 11 days in the dark, and periodically monitored to ensure water covered the lower 
portion of the paper towel roll.  The roots were harvested when the lengths of the 
primary root was approximately 10-14 cm, as measured from the tip of the root. The 
area of interest, approximately 2 cm from the seed, was embedded in a cryo-mold 
filled with 10% w/v gelatin solution, and flash-frozen in liquid nitrogen.  
In either the case of seeds or roots, the mold containing the sample was 
floated on liquid nitrogen until the gelatin was mostly opaque.  Molds were 
transferred to a cryostat (CM1850; Leica Microsystems, Buffalo Grove, IL, USA) pre-
chilled to -22 °C.  Once thermally equilibrated, the gelatin block was mounted onto a 
cryostat chuck and sectioned at 10 µm thickness.  The sections were captured using 
adhesive tape windows (Leica Biosystems, Buffalo Grove, IL, USA), and then taped 
to pre-chilled glass slides.  Samples were stored at -80 °C until needed.  Before 
analysis, the slides were lyophilized under vacuum followed by metal matrix 
application.   
 
Metal Sputter Coating 
Metals were applied to either spotted standard samples or tissue sections 
using a sputter coater instrument from Ted Pella, Inc. (Cressington 108Auto; 
Redding, CA, USA).  A MTM-20 High Resolution Thickness Controller (Ted Pella) 
was used to monitor and/or control the deposited metal layer thickness. The 
distance between the metal target and the sample was ~4 cm during sputtering.  The 
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chamber was flushed with argon gas (pressure ~8 psi) twice before sputter coating.  
The sputtering current was tested at 20 and 40 mA; however, minor differences were 
noted and so 40 mA was selected for all tests and analyses.  Sputtering time was 
individually optimized for each metal nanoparticle. 
Various sputtering times were compared for each metal in both positive and 
negative ion mode.  The testing range for each metal was selected based on 
reported optimal sputtering times in the literature and our own preliminary tests.  The 
sputtering times tested were 2, 5, 10, 15, 20, 30, and 40 seconds for gold and silver; 
and 5, 10, 20, 30, 40, 50, and 60 seconds for platinum, titanium, copper, and nickel.  
Absolute ion intensities for the metabolite standards were compared across 3-4 
replicates with each standard mixture and ion mode to determine the optimal 
sputtering times.  These times were then used in the MSI analysis of the maize roots 
and seeds.   
 
Mass Spectrometric Data Acquisition  
Data were acquired using a MALDI-linear ion trap (LIT)-Orbitrap mass 
spectrometer (MALDI-LTQ-Orbitrap Discovery; Thermo Finnigan, San Jose, CA, 
USA) with an external frequency-tripled Nd:YAG laser operating at 355 nm and 60 
Hz (UVFQ; Elforlight Ltd., Daventry, UK).  The laser energy was optimized 
individually for each matrix and 10 laser shots were used to acquire each spectrum.  
The Orbitrap mass analyzer (resolution 30,000 at m/z 400) was used to acquire all 
standard and maize root imaging data for a m/z range of 50-1000 in both positive 
and negative ion modes.   Corn seed images were analyzed using 20 laser shots per 
spectrum and using a mass range of m/z 300-1000 to target lipid species in both ion 
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modes.  Maize root images were acquired using 10 µm raster steps (laser spot size 
of 9 µm) and seed images using 100 µm raster steps (laser spot size of 50 µm).  
MS/MS spectra were manually collected using individually optimized collision 
energies. 
All MS images shown were generated using ImageQuest (Thermo) with a 
±0.01 Da mass tolerance and normalization to the total ion count.  The maximum 
and minimum values used to generate MS images were arbitrarily adjusted for each 
molecular species to obtain the best visualization.  The same values were used for 
all matrices with a particular molecular species to facilitate comparisons.  Peak 
assignments were made using accurate mass searches on the Metlin database 
(https://metlin.scripps.edu) [18] as well as manual MS/MS analysis and in silico 
fragmentation using CFM-ID (http://cfmid.wishartlab.com/) [19].    
 
Results and Discussion 
Sputtering Time Optimization 
 Firstly, the six different metals are applied to the analysis of a water-
soluble and a water-insoluble standard mixture of compounds which includes small 
organic acids, sugars, phosphate-containing metabolites, amino acids, a vitamin, 
glycerolipid species, a fatty acid, and a terpene for both ion modes.  The sputtering 
conditions, including sputtering time and sputtering current, are optimized 
individually for each metal matrix.  The analysis with standard mixtures establishes 
which types of metabolites are effectively desorbed/ionized by each metal matrix. 
Prior to sputtering time optimization, the optimal laser energy for each matrix was 
determined using the water-soluble standard mixture.  Data was collected by 
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increasing the laser energy in step-wise fashion over the typical laser energy 
settings for our instrument.  Once the optimum laser energy was established for 
each metal matrix, this laser energy was used for all other data collection.  
To optimize sputtering times (corresponding to deposited thicknesses) for 
each metal, mixtures of water-soluble and water-insoluble standards were analyzed 
in both positive and negative ion mode.  The two sets of standard samples were 
analyzed in triplicate using the laser energy that was optimized for each metal 
matrix.  Each standard mixture was spotted onto a MALDI microarray plate, and then 
metals were sputter deposited for the selected set of times.  In positive ion mode, 
most metabolite standards were detected as alkali metal adducts ([M+Na]+ and 
[M+K]+), but also as protonated species ([M+H]+), and silver adducts ([M+Ag]+) with 
the silver metal matrix.  In negative mode, metabolite standards were detected as 
both deprotonated [M-H]- and water loss [M-H2O-H]- species.  To compare between 
different matrices, ion signals were summed over the multiple adducts for each 
standard compound. 
The screening results for all six metals using water-soluble metabolite 
standards in positive and negative ion mode at all tested deposition times are 
presented in Supplementary Table 1. The darkest color in a given column (i.e. for a 
particular metabolite) indicates a higher ion signal for that compound relative to other 
sputtering times.  In many of the cases, the dark coloring is quite apparently 
clustered at one particular time, for example 10 s for Au in positive and negative ion 
modes.  However, for Ni, especially in positive mode, the best time varied quite 
significantly across the metabolites, likely due to the overall very low signal intensity, 
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and so the middle value, 30 s, was chosen for further studies.  The optimal 
sputtering times were determined to be as follows with measured thickness in 
parentheses: 5-10 seconds for Ag (1.7 nm at 5 s), 10 s for Au (2.8 nm), 30 s for Ni 
(0.8 nm), 10 s for Pt (1.3 nm), and 30 s for Ti (1.3 nm) in both ion modes.  Cu 
displayed significant differences between the two ion modes, and so 60 s (5.4 nm) 
was selected for positive ion mode and 5-10 seconds (0.6 nm at 5 s) for negative 
mode.  It is important to note that a slight deviation from the optimal time will not 
result in huge signal changes for the majority of the metabolites tested.  Additionally, 
minimal or no differences in optimal sputtering times were found between water-
soluble and water-insoluble standards.   
Although thicker metal layers have been reported by some groups, for 
example 28±3 nm Au for TAG analysis [14], the increased reflectivity and 
inhomogeneity at these higher thicknesses resulted in signal loss in our instrument 
setup.  In support of our results indicating thinner metal layers are optimal, Li et al. 
did report 2 nm water-soluble Au nanoclusters to be more efficient compared to 20 
nm Au nanoparticles for a variety of small molecules [20].  Additionally, Ozawa et al. 
reported 3.0 nm as the optimal sputtered Pt thickness [16] and Tang et al. 
determined 4 nm of sputtered Au to be ideal [12]. 
 
Comparison of Optimized Matrices Using Standards 
The six metal thin films are compared in Figure 1 for their efficiency as LDI 
matrices in analyzing water-soluble and water-insoluble analytes at each optimized 
condition.  In terms of overall signal intensity across the broad range of metabolites 
studied, Au and Ag were almost equally effective.  Ion signals for each metabolite 
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with each matrix are presented in Supplemental Table 2.  Representative mass 
spectra for each metal matrix in each ion mode with each standard mixture are 
presented in Figure 2 (water-soluble standards in positive mode) and Supplemental 
Figure 1 (water-soluble standards in negative mode and water-insoluble standards in 
positive and negative mode).  Peaks that correspond to a standard compound are 
indicated on each spectrum with the base ion intensity for each spectrum indicated 
in the upper right corner.   
Although both Au and Ag are highly efficient in both ion modes, in positive 
mode, Au is slightly better for sugar-containing metabolites, but in negative mode Ag 
is slightly more effective for amino acids.  In positive ion mode, Ag does create 
adducts with metabolites, increasing sample complexity, and silver clusters are 
present in the spectrum at moderate abundance.  While Au and Ag were the most 
efficient of the matrices tested, Pt also displayed good signal intensity, only 
moderately lower than Au and Ag, for the majority of the metabolites, and was 
almost equally effective for some metabolites including parthenolide, a terpene 
which is a particularly problematic class of compounds to analyze in MALDI, and 
oleic acid.  Copper showed poor performance for most metabolites, but produced 
decent ion signals for selected metabolites, including higher signal intensity for 
ascorbic acid and phosphoenolpyruvic acid in positive ion mode compared to Au or 
Ag.  Ni and Ti generally showed the lowest ion signal of the six metal matrices, 
however they still provide sufficient signal for some analytes, such as vanillic acid, 
glutamic acid, and sugars, although the absolute intensities are lower than with Au, 
Ag, or Pt.   
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In addition to the metal matrices being compared to themselves, they were 
also compared to traditional organic matrices (Figure 1).  Compared to DHB, a 
common organic matrix for positive mode, Au and Ag are more effective for most 
metabolites tested.  However, DHB was the only matrix that produced good ion 
signals for phospholipids in positive mode (i.e. PA, PC, and PE) (Figure 1A).  In 
negative mode, the metal matrices were compared to DAN, a common organic 
matrix for negative mode.  DAN was more effective for certain metabolites, such as 
vitamin H and phospholipids, but Au and Ag were more effective for many of the 
metabolites including phosphoenolpyruvic acid, glucose-containing metabolites, 
parthenolide, and oleic acid (Figure 1B).   
Overall this study demonstrates that Ag and Au are generally more effective 
than organic matrices in both ion modes for most compounds.  In positive mode this 
is similar to our previous report where many nanoparticle matrices, including TiO2, 
Fe3O4, and boron-doped nano-diamond (BDND), are overall more effective than 
organic matrices [5].  Previously in negative mode, DAN was discovered to be much 
more effective for small molecule metabolites compared to any of the NP 
suspensions [5], whereas the current study demonstrates that sputter coated metal 
nanoparticles are generally better than DAN in negative mode.  Despite the 
effectiveness of metal matrices compared to the organic matrices, none of the six 
metal matrices were effective for phospholipid species.  In contrast, DHB and DAN 
were effective for phospholipid species in positive and negative ion modes, 
respectively.  Pt, Ag, and Au, however, were all effective for neutral lipid species in 
positive mode, such as triacylglycerols (TAGs) and diacylglycerol (DAGs), whereas 
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DHB was less effective.  Dufresne et al. also previously found TAGs to be effectively 
desorbed/ionized using sodium-doped sputtered Au on mouse liver tissues [14].   
Interestingly, in most cases with the metal matrices, there was not a 
prominent matrix-dependent analyte selectivity, which is commonly known for 
organic matrices and has also been shown for carbon-based nanoparticles [21].  
The one major exception to this, as previously discussed, is phospholipid species 
that were not effectively desorbed/ionized by any of the six metal matrices in either 
positive or negative ion mode, although they were using the organic matrices.  Most 
of the other classes of compounds tested in this study were effectively analyzed by 
the noble metals, Ag and Au, followed by Pt.  We hypothesize the non-selectivity of 
the noble metals might be due to the high reduction potential and/or low reactivity of 
these metals. 
 
Maize Root Imaging 
As we found sputter coating of metals to be efficient for LDI analysis of most 
metabolites, we applied the metal matrices for imaging of maize root cross-sections.  
The optimal sputtering times from the standard analyses were used in all imaging 
studies.  Consecutive B73 inbred maize root sections were analyzed using all six 
metal matrices in both ion modes at 10 µm high-spatial resolution.  Figure 3A shows 
overlays of false color images consisting of three representative metabolites for each 
matrix.  These metabolites were chosen from among the most intense ion signals 
with each matrix that highlight interesting metabolite localizations.  Figure 3B shows 
the morphology of a maize root cross-section with structural features listed.  
Averaged spectra from on-tissue areas of each maize cross-section can be found in 
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Supplemental Figure 2.  Many of these compounds were identified through MS/MS, 
or at least their molecular formulae were determined from the accurate mass, as 
summarized in Supplementary Table 3. 
Visually, it is readily apparent that Ti is not an effective matrix in either 
positive or negative ion modes.  This can largely be attributed to the low overall 
signal obtained using Ti as a matrix, which can be also seen in Supplemental 
Figures 2F and 2L.  Although some real metabolite signals are present and images 
can be generated, in comparison to other matrices, Ti is the worst performer.  Ni, 
although better than Ti, also displays low ion signals (Supplemental Figures 2E and 
2K) as well as lower quality images than Ag, Au, or Pt.  Additionally, metabolites that 
could be ionized with Ti and Ni were more effectively ionized with other metal 
matrices.  The remaining metal matrices studied, Au, Ag, Pt, and Cu, all produced 
higher quality images (Figure 3A) and also useful and informative spectra 
(Supplementary Figure 2A-D, G-J).  The metal matrices in this study do not produce 
evident matrix peaks, except Ag, which produces silver cluster ions in positive mode, 
but with less than 15% relative abundance.   
In positive mode, metabolites that are mainly localized to the cortex include 
m/z 319.195 (Ag, decyl-thioglucopyranoside), 435.153 (Cu, AspPheAspGly or 
AspPheGlyAsp), 130.933 (Ni, unknown), and 347.189 (Ni, C21H28N2) (Figure 3A).  
Some metabolites found only in the stele include m/z 365.107 (Ag) and 381.080 
(Cu), which are a sodiated and potassiated disaccharide, respectively.  Some 
metabolites are found to be localized to the xylem, such as m/z 140.891 (detected 
with Ag, unknown metabolite) and 212. 852 (Pt, unknown).  Additionally, some 
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metabolites are localized throughput the root tissue, such as m/z 201.008 (Pt, 
unknown), which is localized in the pith and cortex.  Negative ion mode also shows 
many distinct metabolite localizations (Figure 3A).  Especially interesting is m/z 
163.039 (Pt, coumaric acid or 3-hydroxy cinnamic acid) which is localized to the 
epidermal cells and the phloem.  Also localized primarily in the epidermal cells is m/z 
194.045 (Ag, C9H9NO4).  Similarly to positive mode, some species are localized to 
only the cortex, such as m/z 413.157 (Ag, C19H24N6O6), 531.209 (Pt, C25H32N4O9), 
and 122.024 (Cu, nicotinic acid or picolinic acid).  Other metabolites are localized to 
the cortex and phloem, m/z 318.982 (Au, unknown) and 163.112 (Cu, jasmone), and 
other compounds are primarily found in the pith, such as m/z 141.019 (Au, 2-
oxoadipic acid), 113.024 (Ag, glutaric acid), and 146.045 (Pt, hydroxyglutamate 
semialdehyde).   
Selected compounds from Figure 3 are compared with all six metal matrices 
in positive mode (Figure 4A) and negative mode (Figure 4B).  Images are 
normalized to the total ion count and the same maximum and minimum values are 
used for a particular metabolite across all matrices.  Similar efficiency patterns 
across the metal matrices are seen with all detected adducts.  Tentative 
identifications for these metabolites are in Supplementary Table 3.  It is readily 
apparent that Au, Ag, and Pt are the top performing matrices in both ion modes, 
however Cu performs comparably well in positive mode, but is less effective in 
negative mode.  In positive mode, every matrix, except for Ti, was almost equally 
effective for m/z 435.153, which was tentatively identified as a tetrapeptide 
AspPheAspGly or AspPheGlyAsp.  Pt was the most efficient matrix for m/z 319.195 
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(decyl- thioglucopyranoside), however this metabolite can also be adequately 
visualized with other metal matrices.  Ag was the most effective matrix for m/z 
261.053 (C13H10N4), although again this metabolite could be detected with other 
matrices.  In negative mode, Ag is the top performing matrix for m/z 413.157 
(C19H24N6O6), although this metabolite can be visualized to some extent with the 
other metal matrix, except for Ti.  Most of the metabolites could be visualized equally 
well with Ag, Au, and Pt in negative mode.  Ti is the most ineffective matrix in both 
positive and negative ion modes. 
 
Maize Seed Imaging 
  In the standard analysis, we have shown neutral lipids such as DAGs and 
TAGs can be effectively analyzed with Ag, Au, Cu, and Pt, although analysis of 
phospholipid species proved unsuccessful in both ion modes with all six metal 
matrices.  The neutral lipids, however, are present with very low abundance in roots, 
and were not imaged in the previous section.  We have previously shown maize 
seeds contain various classes of lipid species, including several phospholipids and 
neutral lipids [22, 23].  In order to demonstrate the visualization of neutral lipid 
species using metal matrices, maize seed cross sections were imaged in Figure 5 
using sputter coated Au, Ag, and Pt.  The summed mass spectra are also compared 
in Supplementary Figure 3.  Au performed the best for visualizing neutral lipids, 
although Ag is comparable for DAG species and Pt shows some TAG species.  As 
expected from the standard analysis (Table 1), Ag performed very poorly for TAG 
species, giving almost no signal.  The reason Ag is effective for DAG species, but 
not TAGs in this study is currently unknown.   However, Lauzon et al. was able to 
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successfully image TAG species in fingerprints using a thicker Ag layer of ~14nm 
with a FTICR instrument [24].  Ag was also ineffective for higher sugar species, such 
as maltotriose, but Au and Pt could visualize this metabolite (Figure 5).  All three 
metals were effective for a disaccharide, however (Table 1 and Figure 4A).  As with 
the standard analysis, phospholipid species could not be imaged with any of the 
metal matrices in either ion mode, which is a major limitation of sputter coated 
metals as LDI matrices.  Ozawa et al., however, was able to detect phosphocholine 
species using a combination of sputtered Pt and DHB [16].  
 
 
Conclusions 
Overall, sputter deposition of noble metal NPs (i.e. Au, Ag, and Pt) was found 
to be very effective in LDI-MS, but not for the other metals studied (Cu, Ni, Ti).  
Sputter coated metals present distinct advantages as LDI matrices in that 1) there is 
little to no matrix background and 2) they can be uniformly deposited.  Therefore 
sputter coated metal matrices are extremely useful for high spatial resolution mass 
spectrometry imaging of small molecules.  In this work we successfully applied metal 
sputter coating to the imaging of maize root cross-sections at 10 µm spatial 
resolution which allowed many distinct small molecule metabolite localizations to be 
revealed.  This study also determined that the optimal nanoparticle deposition time 
for the six metal matrices were:  Ag 5 s (1.7 nm), Au 10 s (2.8 nm), Pt 10 s (1.3 nm), 
Ni 30 s (0.8 nm), and Ti 30 s (1.3 nm) in both ion modes, and Cu 5 s (0.6 nm) for 
negative and 60 s (5.4 nm) for positive mode.  The optimal metal thicknesses are all 
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thin, presumably due to increased reflection and inhomogeneity with thicker 
coatings.   
Importantly, in comparison to two common organic matrices (DHB and DAN), 
metal sputter coating is more effective in both positive and negative ion modes for a 
broad range of small metabolites, almost independently of the particular kind of 
analytes according to our screening results with a small set of standards.  However, 
for the on-tissue analysis of maize root cross-sections, some metabolites have 
shown moderate specificity for a particular metal matrix.  As the standard analyte 
comparison encompassed only a small number of different classes of compounds, it 
is possible that there may be some selectivity with metal matrices with untested 
compounds classes.  Nevertheless, one possible explanation for the general lack of 
matrix-dependent analyte specificity and high LDI efficiency of noble metals might be 
the nonreactivity of noble metals.  In contrast, however, the transition metals may 
react with the analytes or form oxides with trace oxygen present during the sputter 
process, thus limiting their effectiveness.  It is not clear why all six metals tested 
were particularly ineffective for the analysis of phospholipid species, while noble 
metals, especially Au, were successful for neutral lipid analysis.   
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Figures 
 
Figure 1. Summary of sputter coated metal screening for small metabolite 
analysis in (A) positive and (B) negative ion mode.  Ion signals are normalized to 
the highest ion signal for each analyte and shown as a heatmap with the color scale 
shown as a percentage of the maximum.  An asterisk indicates a fragment ion with 
the precursor shown in parentheses. PEP: phosphoenolpyruvic acid, Glycerol-3P: 
glycerol-3-phosphate, PChol: phosphocholine, Glucose 6-P: glucose 6-phosphate, 
PC: phosphocholine, TAG: triacylglycerol, DAG: diacylglycerol, PA: phosphatidic 
acid, PE: phosphatidylethanolamine, PI: phosphatidylinositol, PG: 
phosphatidylglycerol, DHB: 2,5-dihydroxybenzoic acid, DAN: 1,5-
diaminonaphtalene. 
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Figure 2. Representative mass spectra for each metal matrix at the optimal 
sputtering time for the water-soluble standard mixture in positive ion mode. 
MA: malic acid, VA: vanillic acid, AA: ascorbic acid, PEP: phosphoenolpyruvic acid, 
G-3P: glycerol-3-phosphate, PChol: phosphocholine, Chol: choline, Glc: glucose, 
Glc 6-P: glucose 6-phosphate, Suc: sucrose, Asn: asparagine, Glu: glutamic acid, 
Leu: leucine/isoleucine, Vit-H: biotin (vitamin H). Color coding is used to indicate 
various adduct types as follows: red = proton adducts, blue = sodium adducts, green 
= potassium adducts, purple = silver adducts, black = di-alkali metal adducts.  † 
indicates a water loss.  Note that choline is detected as a molecular ion. 
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Figure 3.  A) Representative MALDI MS images of B73 maize root cross sections 
showing localizations of various metabolites with each metal matrix. B) Morphology 
of maize root.  Scale bar 100 µm. 
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Figure 4. Selected maize root images in A) positive ion mode and B) negative ion 
mode for the metal matrices.  Images are normalized to the TIC and each individual 
metabolite is set to the same maximum and minimum value for all six matrices.  The 
maximum value is listed for each metabolite. 
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Figure 5. Neutral lipids and some sugars in maize seeds with Au, Ag, and Pt metal 
matrices in positive ion mode.  DAG = diacylglycerol, TAG = triacylglycerol. 
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Supplemental Figures and Tables 
 
Supplemental Figure 1. Representative spectra for each metal matrix at the optimal 
sputtering time for the A) water-soluble standard mixture in negative ion mode, B) 
water-insoluble standard mixture in positive ion mode, and C) water-insoluble 
standard mixture in negative ion mode. MA: malic acid, VA: vanillic acid, AA: 
ascorbic acid, PEP: phosphoenolpyruvic acid, G-3P: glycerol-3-phosphate, PChol: 
phosphocholine, Chol: choline, Glc: glucose, Glc 6-P: glucose 6-phosphate, Suc: 
sucrose, Asn: asparagine, Glu: glutamic acid, Leu: leucine/isoleucine, Vit-H: biotin 
(vitamin H), PC: phosphocholine, Par: parthenolide, OA: oleic acid, TAG: 
triacylglycerol, DAG: diacylglycerol, PA: phosphatidic acid, PE: 
phosphatidylethanolamine, PI: phosphatidylinositol, PG: phosphatidylglycerol 
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Supplemental Figure 1 continued. 
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Supplemental Figure 1 continued. 
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Supplemental Figure 2. Averaged spectra from maize root cross-sections for each 
metal matrix at the optimal sputtering time. A) Ag, positive mode, B) Pt, positive 
mode, C) Au, positive mode, D) Cu, positive mode, E) Ni, positive mode, F) Ti, 
positive mode, G) Ag, negative mode, H) Pt, negative mode, I) Au, negative mode, 
J) Cu, negative mode, K) Ni, negative mode, L) Ti, negative mode.  Base ion 
intensity is listed in the upper left of each spectrum. Known matrix related or 
contamination peaks are designated with asterisks. 
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Supplemental Figure 2 continued. 
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Supplemental Figure 3. Maize seed spectra for Ag, Au, and Pt in positive ion 
mode. A) Ag, B) Au, C) Pt. 
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Supplemental Table 1. Metal PVD screening for each metal matrix at every 
deposition time with water-soluble standards.  A) Positive ion mode and B) Negative 
ion mode. Ion signals are compared and presented as a heat map with the 
maximum ion signal for each analyte represented as the darkest color. An asterisk 
indicates a fragment ion.   
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Supplemental Table 1 continued. 
 
1
1
6
 
 
Supplemental Table 2. Summary of metal PVD screening for small metabolite analysis using water-soluble and water-
insoluble standard mixtures.  Ion signals are compared and presented as a heat map with the maximum ion signal for 
each analyte represented as the darkest color. An asterisk indicates a fragment ion.  Positive ion mode is colored in blue, 
and negative ion mode in red. MA: malic acid, VA: vanillic acid, AA: ascorbic acid, PEP: phosphoenolpyruvic acid, G-3P: 
glycerol-3-phosphate, PChol: phosphocholine, Chol: choline, Glc: glucose, Glc 6-P: glucose 6-phosphate, Suc: sucrose, 
Asn: asparagine, Glu: glutamic acid, Leu: leucine/isoleucine, Vit-H: biotin (vitamin H), PC: phosphocholine, Par: 
parthenolide, OA: oleic acid, TAG: triacylglycerol, DAG: diacylglycerol, PA: phosphatidic acid, PE: 
phosphatidylethanolamine, PI: phosphatidylinositol, PG: phosphatidylglycerol 
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Supplemental Table 3.  Identifications of metabolites visualized in Figure 3 and 4 
based on accurate mass and MS/MS.  Asterisks indicate tentative formulae based 
solely on accurate mass. 
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Abstract 
A high-throughput matrix-assisted laser desorption/ionization mass 
spectrometry (MALDI)-MS based metabolomics platform was developed using a pre-
fabricated microarray of nanoparticles and organic matrices.  Selected organic 
matrices, inorganic nanoparticle (NP) suspensions, and sputter coated metal NPs, 
as well as various additives, were tested for metabolomics analysis of the turkey gut 
microbiome. Four NPs and one organic matrix were selected as the optimal matrix 
set: α-cyano-4-hydroycinnamic acid, Fe3O4 and Au NPs in positive ion mode with 10 
mM sodium acetate, and Cu and Ag NPs in negative ion mode with no additive. 
Using this set of five matrices, over two thousand unique metabolite features were 
reproducibly detected across intestinal samples from turkeys fed a diet amended 
with therapeutic or sub-therapeutic antibiotics (200 g/ton or 50 g/ton bacitracin 
methylene disalicylate (BMD), respectively), or non-amended feed. Among the 
thousands of unique features, 56 of them were chemically identified using MALDI-
MS/MS, with the help of in-parallel liquid chromatography (LC)-MS/MS analysis. 
Lastly, as a proof of concept application, this protocol was applied to fifty turkey 
cecal samples at three different time points from the antibiotic feed trial. Statistical 
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analysis indicated variations in the metabolome of turkeys with different ages or 
treatments.  
 
Introduction 
Mass spectrometry (MS) based metabolomics research has seen exponential 
growth in the past decade [1]. Most MS-based metabolomics experiments make use 
of liquid chromatography-electrospray ionization (LC-ESI). While chromatographic 
separation provides comprehensive analysis of a complex mixture, this technique 
requires long data acquisition times, thus making large-scale analysis challenging 
due to limitations in time and cost [2-4]. Matrix assisted laser desorption/ionization 
(MALDI)-MS has been suggested as an alternative to ESI-MS for high throughput 
metabolomics analysis [5, 6]; however, its application has been limited due to: (i) 
interference from matrix peaks in the low-mass range, (ii) difficulty in compound 
identification due to the lack of chromatographic separation, and (iii) limited 
metabolite coverage depending on the choice of matrix. To overcome the first 
limitation, matrices with no or minimum interferences have been developed, such as 
nanoparticles (NPs) [7] or basic matrices in negative mode [8, 9], while high-
resolution mass spectrometry (HRMS) can partially overcome the lack of separation.   
The recent evolution of NPs as MALDI matrices has significantly contributed 
to small molecule analysis by MALDI-MS [10]. Most NPs have UV absorption and 
can be homogeneously applied, which is useful for imaging applications and to 
minimize spot-to-spot variation. They are especially useful for the small molecule 
analysis due to their no or low matrix background peaks [11]. Recently, our group 
has performed a large scale systematic LDI-MS screening of thirteen different NPs, 
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including metal oxide NPs, carbon-based NPs, and metal NPs, for the analysis of 
two dozen small metabolite molecules [12]. As capping agents were not used for 
these NPs to avoid contamination from these organic compounds, aggregation of 
some NPs, especially metals, caused significant loss of ion signals. To eliminate this 
problem, physical vapor deposition (PVD), commonly known as sputter coating, has 
been recently used as a means to create NPs in situ, as demonstrated previously for 
Au, Ag, and Pt [13-15].  
Antibiotics are essential to animal health and production. Sub-therapeutic 
levels of antibiotics have been commonly utilized for growth promotion, but starting 
in 2017, FDA guidance 209 restricted the off-label and feed-efficiency usage of 
antibiotics determined to be important for human health. Although antibiotics have 
long been known to disrupt the gastrointestinal microbiome, the impact on the 
bacterial population (microbiota) and the metabolomic interplay is poorly understood 
[16-18]. The relationship between the microbiota and its metabolome is a dynamic 
system with tremendous individual and temporal variations, which may not be 
revealed by small sets of data. Large scale studies are necessary to find the 
correlation between microbiota membership and the gut metabolome in each 
individual animal. However, the lack of a high-throughput low cost metabolomics 
platform is a serious bottleneck toward that end.   
Here we propose a high-throughput MALDI-MS based metabolomics 
approach using a set of nanoparticles or matrices in a microarray format. Due to 
differences in analyte selectivity between matrices, a carefully chosen set of 
matrices can effectively enhance metabolite coverage, thus allowing diverse classes 
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of small molecule metabolites to be analyzed. While it is impossible to achieve a 
metabolomic profile as comprehensive as LC-MS based metabolomics, we 
hypothesize it is possible to grasp some important features with this approach. In the 
current study, this platform was optimized and then, as a proof of concept, applied to 
fifty turkey gut microbiome samples treated with therapeutic or sub-therapeutic 
dosages of the antibiotic bacitracin methylene disalicylate (BMD).  
 
Experimental 
Materials  
  Isopropyl alcohol (IPA), methanol (MeOH), water (H2O), chloroform (CHCl3), 
acetonitrile (ACN), piperidine (99%), triethylamine (>99%), ammonium hydroxide, 
formic acid (>95%), sodium acetate (>99%), and trifluoroacetic acid (TFA, 99%) 
were purchased from Sigma-Aldrich (St. Louis, MO, USA); solvents were purchased 
in CHROMASOLV LC-MS or Plus grade. Organic matrices were purchased from 
Sigma-Aldrich (St. Louis, MO, USA): 1,5-diaminonaphthalene (DAN, 97%), 2,5-
dihydroxybenzoic acid (DHB, 98%), α-cyano-4-hydroxycinnamic acid (CHCA, 99%), 
and 9-aminoacridine (9AA, 98%) hydrochloride hydrate. The basic form of 9AA was 
prepared by dissolving the hydrochloride salt in boiling water and adding excess 
sodium hydroxide to precipitate the free base. The product was isolated by filtration 
and rinsed several times with cold water, then dried under vacuum. Aluminum-doped 
zinc oxide (AZO; zinc oxide NPs doped with 2 wt% aluminum oxide, 99.99%, 15 nm) 
was purchased from US Research Nanomaterials, Inc. (Houston, TX, USA).  Iron 
oxide NPs (Fe3O4, 11 nm, no organic capping) and titanium dioxide NPs (TiO2) were 
synthesized as previously described [12]. The sputter targets were purchased from 
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Ted Pella, Inc (Redding, CA, USA): silver (99.99%), gold (99.99%), titanium (99.6%), 
and copper (99.99%). The µFocus LDI plates (5x16 circles, 600 µm) were 
purchased from Hudson Surface Technology (Old Tappan, NJ, USA).  
 
Animal Experiment and Metabolite Extraction 
 All animal experiments were performed at the Animal Disease Center, USDA, 
Ames, IA, USA, following the IACUC protocol (ARS-2016-567). Fourteen day-old 
turkeys were treated with a diet supplemented with 50 g/ton or 200 g/ton BMD for 
sub-therapeutic or therapeutic treatments, respectively. Cecal samples were 
collected from non-medicated, sub-therapeutic dosed, and therapeutic dosed 
turkeys after a treatment period of 7 days, 35 days, and 78 days. Lyophilized cecal 
contents (~5 mg) were placed in a 1.5 mL centrifuge tube, and then suspended in 
1.2 mL of extraction solvent (50:25:25 CHCl3, 4°C MeOH, H2O). Extraction 
proceeded with 10 min of vortexing (1,400 rpm), followed by centrifuging for 10 
minutes (12,000 rpm). The hydrophilic supernatant was transferred to new a 1.5 mL 
centrifuge tube. The samples were dried under vacuum and re-suspended to a final 
concentration of 1 mg/mL with ACN:H2O (50:50).  
  
Production of Microarrays for LDI-MS Analysis  
The overall workflow for the experiments and an example of the microarrays 
used in the initial optimization are illustrated in Fig. 1. Organic or NP matrix solutions 
were prepared by dissolving or suspending in IPA at a concentration of 10 mM. 
Organic matrices were vortexed for ~1 min and NP matrix solutions were sonicated 
for ~1 hr before spotting. For the microarrays made from organic matrix solutions or 
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NP suspensions, 2 µL of matrix solution, followed by 2 µL turkey cecal contents 
extraction and 2 µL additive solution (optional), were spotted on a µFocus LDI plate 
(Hudson Surface Technology; Old Tappan, NJ, USA). All of the solutions were 
spotted on a µFocus LDI plate pre-heated to 45°C to ensure uniform deposition. 
Spots were completely dried before the next solution was spotted. CHCA, DHB, and 
Fe3O4 were tested for positive mode, and 9AA, DAN, and AZO were tested for 
negative mode. TiO2 was used for both ion modes.  
 For the metal NP microarrays deposited through PVD, 2 µL of cecal extract 
was spotted first, followed by 2 µL of additive solution (optional), and then metal NPs 
were sputter coated using a Cressington 108Auto (Ted Pella). The portion of the 
plate that was not to be sputter coated was covered using a glass slide. Optimized 
sputter times are 5, 10, 20, and 40 sec for Ag, Au, Ti, and Cu, respectively. Both 
positive and negative mode were used for all the sputter coated metals.  
 In order to improve the detection of unique features, three different additives 
were tested in each polarity. For positive ion mode, 0.1% TFA (v/v), 0.1% formic acid 
(v/v), and 10 mM sodium acetate were used. For negative ion mode, 1% piperidine 
(v/v), 1% triethylamine (v/v), and 10 mM ammonium formate were used for this test. 
The additives were compared to see which offered the most unique features.  
 
Mass Spectrometry Analysis 
A linear ion trap-Orbitrap mass spectrometer with a MALDI ion source 
(MALDI LTQ-Orbitrap Discovery; Thermo Scientific, San Jose, CA, USA) was used 
to acquire data in imaging mode for each circle in the microarray, approximately 
300-375 pixels per circle. The instrument was modified to use an external frequency-
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tripled, diode-pumped Nd:YAG laser operating at 355 nm and 60 Hz (UVFQ; 
Elforlight Ltd., Daventry, UK). Data was collected using a 150 µm raster step size 
and a ~30 µm laser spot size. Laser pulse energies were optimized individually for 
each matrix. MSiReader [19] and Xcalibur (ThermoFisher Scientific) were used to 
define imaging parameters and to acquire data, respectively. Mass spectra were 
acquired with 10 laser shots per spectrum using an Orbitrap mass analyzer 
(resolution of 30 000 at m/z 400) for an m/z scan range of 50-1000.  
 
Estimation of Potential Metabolites Based on Accurate Mass 
 The total number of potentially identifiable metabolites (i.e., unique features) 
were estimated based solely on accurate mass. The mass spectra over the entire 
circle were averaged and all m/z values and their ion intensities were exported as 
.csv files using MSiReader. Two levels of filtering were applied to extract only those 
m/z values that are meaningful. In the first filtering, any m/z values at noise level with 
an absolute intensity below 500 (signal-to-noise ratio of 20) were removed. In the 
second filtering, matrix and contamination peaks (background outside the region of 
interest), as well as 13 carbon isotope peaks, alkali metal adducts in positive mode 
and  water losses in negative mode, were removed using an in-house Python script 
within 5 ppm tolerance. MS images were then generated for all remaining m/z values 
using MSiReader, and inspected to ensure they were not also present in the 
background. This final mass list was compared to the compound list identified by 
Metabolon using an LC-MS/MS approach (see next sub-section). For the matching 
features based on accurate mass within 5 ppm mass tolerance, MS/MS was 
performed using the ion-trap analyzer using an isolation width of 2.0 Da. The 
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collision energies individually optimized for each metabolite. MetFrag [20] and CFM-
ID [21] were used to aide metabolite identification.  
 
LC-MS/MS Based Identification of Turkey Gut Microbiome  
Metabolomics analysis was performed by Metabolon (Morrisville, NC) for a 
selected set of turkey gut microbiome samples. In short, proteins were precipitated 
with methanol under vigorous shaking for 2 min (Glen Mills GenoGrinder 2000) 
followed by centrifugation.  The resulting extract was divided into five fractions: two 
for analysis by two separate reverse phase (RP)/ultra-performance liquid 
chromatography (UPLC)-MS/MS methods in positive ion mode electrospray 
ionization (ESI), one for analysis by RP/UPLC-MS/MS with negative ion mode ESI, 
one for analysis by HILIC/UPLC-MS/MS with negative ion mode ESI, and one 
sample was reserved for backup. All methods utilized a Waters ACQUITY UPLC and 
a Thermo Scientific Q-Exactive HRMS. Compounds were identified with the 
Metabolon library based on authenticated standards that contain the retention 
time/index (RI), mass to charge ratio (m/z), and chromatographic data (including 
MS/MS spectral data) for all molecules present in the library.  
 
Results and Discussion 
Finding the Optimal Experimental Conditions for Development of Nanoparticle 
Microarray 
 The overall workflow is illustrated in Fig. 1a. Samples were directly deposited 
on a pre-fabricated NP or matrix microarray, which can be done in a high-throughput 
manner, especially using a multichannel pipettor or robotic autosampler. The 
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microarray was prepared using a µFocus MALDI plate [22] and matrix deposition 
was done on a heated plate to reduce signal variation due to the inhomogeneity of 
matrix crystals. The surface of µFocus MALDI plate is hydrophobic, except for an 
array of small circles with hydrophilic surfaces, so that samples in aqueous solutions 
can be focused onto small areas. This study focused on utilizing various NPs as 
MALDI matrices, as they are particularly useful in high-throughput small molecule 
analysis due to their no or low matrix background peaks as well as homogeneous 
application with minimal signal variation [12]. Then, after the microarrays were 
prepared, MALDI-MS data acquisition was performed in as fast as a few minutes for 
a set of matrices, and hundreds of samples can be run in a single day without 
manual interruption using batch mode operation.  
Optimization of the microarrays was performed using cecal samples from 
several pooled non-medicated, 93 day old turkeys.  Different matrices and additives 
were tested to find conditions that yielded the most comprehensive coverage of 
metabolites of interest. Three NPs from our previous study (Fe3O4, AZO, TiO2) [12], 
four traditional organic matrices (CHCA, DHB, 9AA, DAN), and four PVD metals (Ag, 
Au, Ti, Pt) were selected in this preliminary study.  Three different additives were 
tested in each polarity in order to improve the ionization efficiencies of unique 
features. For positive ion mode, 0.1% TFA, 0.1% formic acid, and 10 mM sodium 
acetate were used. For negative ion mode, 1% piperidine, 1% trimethylamine, and 
10 mM ammonium formate were used for this test.  
Venn diagrams comparing the number of unique shared or distinct features 
detected when using different additives in negative and positive ion modes can be 
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found in Fig. S1. Unique features are defined as having a signal-to-noise ratio of at 
least 20, and matrix peaks, known contaminations, 13-carbon isotopes, and multiple 
adducts (see experimental section for the details) were not counted. As can be seen 
in Fig. S1, there was little benefit of using additives in negative mode. However, in 
positive ion mode the use of 10 mM sodium acetate significantly increased the 
number of unique features. For example, Fe3O4 and CHCA show ~2 and ~1.5 times 
more features, respectively, when sodium acetate was used, compared to no 
additive, due to the efficient formation of sodium ion adducts. Fig. 2 shows Venn 
diagrams summarizing the number of unique features for various matrices. In total, 
over one thousand unique features are identified in each polarity. However, it would 
take too long for data acquisition if all eight matrices were used in each polarity, and 
so five of the most efficient were selected. 
 Out of eight matrices in each polarity, the five most effective matrices were 
chosen from Fig. 2 in terms of total coverage: Fe3O4, CHCA, and Au in positive ion 
mode, and Cu and Ag in negative ion mode. In positive mode, Ag has a slightly 
higher number of unique features than Au, but many of these overlap with those 
from Fe3O4.  In negative mode, Au has the same number of unique features as Cu, 
but Cu was selected as many of the Au features overlap with Ag. Fig. 3a compares 
mass spectra from the pooled control sample among the five matrices/NPs 
represented in a barcode-like pattern to facilitate quick and easy comparison of the 
distribution of features. The overlap is minimal in the metabolite coverage for each 
matrix/NP. Cu and Ag have the greatest coverage in the mass range of m/z 100-
300, due to the tendency of metabolites effectively ionized in negative mode to have 
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lower masses, while Fe3O4 provides comprehensive coverage over the entire mass 
range of m/z 100-500. Overall, this data suggests that these five matrices/NPs can 
be used to detect a wide range of metabolites in the gut microbiome.  
 
Proof of Concept Application Using Turkey Microbiome Samples 
  The optimal experimental conditions were then applied to cecal samples 
collected from 93 day-old turkeys that were either non-medicated, or treated with 
sub-therapeutic antibiotics, or therapeutic antibiotics. Fig. 3b compares the total 
number of unique features for each sample type combined from all five matrices/NPs 
that were detected consistently in all three biological replicates.  As a particular 
metabolite can be detected with multiple matrices, the reported total numbers of 
features in each sample type have been carefully screened to remove any duplicate 
features. Over 1,000 unique metabolite features were detected in each sample type, 
and several hundred of them are unique to each, suggesting the potential of this 
approach for covering a diverse range of metabolites. A total of approximately 2,100 
unique features are detected combining all three sample types. The distribution of 
the total detected features from each sample type for each of the matrices/NPs used 
is shown in Fig. S2.  
 Identifying all these compounds is not feasible, especially without 
chromatographic separation and standard analysis. Therefore we focused our 
analysis to a handful of compounds that were also detected with in-parallel UPLC-
MS/MS based metabolomics performed by Metabolon (metabolon.com; a separate 
manuscript in preparation) and that were confirmed through MALDI-MS/MS.  
Metabolon performed extensive metabolomics profiling using four different UPLC-
132 
MS/MS runs (two in positive and two in negative mode, optimized for hydrophilic and 
hydrophobic compounds each) and compared these to over 3,000 entries in an in-
house standard library.  Selected samples from the 7, 35, and 78 days post-
treatment time points for each of non-medicated, sub-therapeutic treated, and 
therapeutic treated were analyzed (n=6 per condition).  A total of 712 unique 
metabolites were chemically identified in the Metabolon study, while thousands more 
unique features were unidentified. Among those identified in the Metabolon data, 96 
of them match features shown in Fig. 3b within 5 ppm mass tolerance. MALDI-
MS/MS was performed for each of the 96 matching compounds, and 56 of them 
were confirmed to match with the Metabolon-identified chemical structures. The list 
of identified compounds is summarized in Table S1 along with fragment ions from 
MS/MS. The results of the metabolomics study performed by Metabolon is beyond 
the scope of the current work and will be presented in a separate publication. 
 
Mid-throughput Screening Comparing Antibiotic Treatments 
As a proof of concept experiment demonstrating that a nanoparticle 
microarray based MALDI-MS platform can be used for a large scale high-throughput 
analysis, this method was applied to a total of 52 turkey gut microbiome samples 
from three different antibiotic treatment groups (therapeutic, sub-therapeutic, and 
non-medicated). After two weeks of co-mingling, young turkeys were separated into 
three treatment groups, and samples were collected at three time periods (7, 35, and 
78 days) after the start of treatment (n = 5 or 6 for each condition).  We used a 
microarray MALDI plate with a spot size of 600 µm, and data was collected for about 
five minutes per spot. The total data acquisition time was 2.7 days in the current 
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study (52 samples x 5 matrix x 3 analytical replicates x 5 min), but it could be 
shorted to a half-day for a one-minute data acquisition time using a MALDI plate with 
smaller focus size. For example, microarray MALDI plates with the spot size as 
small as 200 µm are commercially available. The same number of experiments 
would take one-two weeks using LC-MS based metabolomics. Additionally, to save 
data acquisition time, analytical replicates are often ignored as there are multiple 
biological replicates; however, as discussed below, each individual animal is 
different and therefore shows slightly different metabolomic profiles, presumably due 
to their different microbiota membership. 
The signal intensities for the compounds listed in Table S2 were extracted for 
each cecal sample, and then uploaded to MetaboAnalyst (http://metaboanalyst.ca) 
[23] for statistical analysis, after averaging over analytical replicates. Fig. 4a shows 
three-dimensional Partial Least Squares Discriminant Analysis (PLSDA) for non-
medicated turkeys from the three studied time-points as well as box and whisker 
plots for selected differentiating metabolites. Moderate separation is clear between 
different groups, especially in three dimensional space. Metabolites shown in Fig. 4a 
(indole-3-carboxylic acid, thymine, equol) have significant increases in day 35, 
compared to day 7, and then stabilize to lower levels at day 78. This change is likely 
due to aging. Fig. 4b shows PLSDA of the treatment comparison at the day 7 time 
point, which also shows moderate but clear separation between groups as well as 
box and whisker plots.  Indole-3-carboxylic acid shows a dramatic increase for 
therapeutic and sub-therapeutic treatments compared to non-medicated birds, 
whereas 1-myristoylglycerol and pentadecanoate are decreased, indicating 
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significant changes in gut microbiome metabolites during antibiotic usage. In all 
cases, the trends of these metabolites is in good agreement with the data provided 
by Metabolon (not shown).  
The only moderate separation in statistical analysis is attributed to high 
variation among the individual turkeys. Fig. 5 shows an example demonstrating that 
biological variation is much greater than analytical variation for these metabolites. 
Selected metabolites from four day 7 non-mediated turkeys which were raised in the 
same room are compared to show the biological and analytical variations. The 
standard deviations for each metabolite (i.e. the analytical variation) are very narrow, 
whereas the differences between the mean values for each animal (i.e. the biological 
variation) are quite large, especially for certain metabolites. We hypothesize this is 
likely due to the variability in the microbiota composition and host genetics, between 
turkeys. 16S rRNA gene sequence analysis has identified microbiota membership 
and compositional differences between treatment groups, as well as inter-group 
variability (data not shown). Correlations between members of the microbiota and 
metabolites within the metabolome is currently under investigation. 
 
Conclusions 
In this study, we developed and optimized a pre-fabricated microarray for 
high-throughput metabolomics analysis. It was determined that the addition of 
sodium acetate to positive mode data yielded more features than with no additive. 
Out of an initial eight matrices/NPs in each polarity, a total of five matrices/NPs were 
selected for inclusion in the final NP microarray platform: Fe3O4, CHCA, and Au in 
positive ion mode, and Ag and Cu in negative ion mode. We were able to 
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successfully apply our microarray platform to compare a large sample set of non-
medicated, sub-therapeutic treated, or therapeutic treated turkey cecal samples 7, 
35, and 78 days after the start of antibiotic treatment with our optimized conditions. 
We detected thousands of unique metabolite features and monitored their changes 
over time or with antibiotic treatment. 
Identification of thousands of unique features is the current bottleneck in this 
approach. However, we demonstrated it could be partially mitigated through in-
parallel LC-MS/MS metabolomics analysis and MALDI-MS/MS of selected 
metabolites. While the traditional chromatography-based method gives more 
comprehensive coverage, the analysis of all samples in a large-scale study with this 
method would be costly and require extensive data acquisition time. Our high-
throughput microarray technology, however, can be used to quickly acquire the large 
data sets needed for the study of a dynamic system, such as the turkey microbiome, 
and as shown here, and can be used in combination with a chromatographic-based 
study to enable high-throughput metabolomics experiments.  
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Figures 
 
Figure 1. (A) The overall workflow of matrix microarray experiment. An extraction 
was conducted on the turkey cecum sample, followed by spotting (or sputtering) the 
matrix, extract and additives onto the µFocus LDI plate. High-resolution Orbitrap 
scans were acquired and the data was analyzed using MSiReader and Xcalibur. (B) 
Examples of matrix spotted and metal sputtered coated microarrays. For pre-
fabricated pipet spotted microarray (plate 1 and 2, in positive and negative ion mode, 
respectively), 2 µL of matrix, followed by 2 µL turkey cecum extract sample, and 2 
µL additive were spotted on a LDI plate. For PVD microarray (plate 3), 2 µL turkey 
cecum extract sample was spotted first, followed by 2 µL of additive, and then the 
metal was sputtered. 
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Figure 2. Venn diagrams displaying the number of unique features observed when 
comparing different matrices in positive and negative ion mode. The number of 
unique compounds shown is after the removal of adducts.
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Figure 3. (A) Microarray MALDI-MS results of turkey microbiome for optimal matrices, shown in a barcode-like pattern. 
(B) Venn diagram displaying the total number of unique features observed across in all five matrices, using the optimized 
experimental conditions.  
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Figure 4. Three-dimensional Partial Least Squares Discriminant Analysis (PLSDA) and Box and Whisker Plots for 
selected metabolites for (A) Day comparison with Non-medicated Turkeys and (B) Treatment Comparison at Day 7.  
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Figure 5. Representative metabolites signals of four turkeys (A-D) of the same age 
raised in the same room.  
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Supplemental Figures and Tables 
 
Supplemental Figure 1. Venn diagrams displaying the number of unique features 
using different additives in negative and positive ion mode. The number of unique 
compounds shown is after the removal of adducts.  
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Supplemental Figure 2. Venn diagrams displaying the number of unique features 
observed for each matrix when comparing non-medicated, sub-therapeutic, and 
therapeutic treatment turkey microbiome extract, using the optimized conditions. The 
number of unique compounds shown is after the removal of adducts. 
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Supplemental Table 1. Concentration, sputtering time, and polarity used for each 
matrix used in microarray. 
Matrices  Concentration (mM) Sputtered Time (sec) Polarity  
BDND NPs 100 --- + 
Fe3O4 NPs 10 --- + 
TiO2 NPs 10 --- +/- 
AZO NPs 10 --- - 
DHB  10 --- + 
CHCA 10 --- + 
DAN 10 --- - 
9AA 10 --- - 
Ag --- 5 +/- 
Au --- 10 +/- 
Ti --- 20 +/- 
Cu --- 40 +/- 
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Supplemental Table 2.  Metabolites identified through manual MS/MS analysis. 
Note: # indicates that the MS/MS fragmentation for that metabolite was not sufficient 
to distinguish between the structural isomers.  
m/z Metabolites Observed Fragments Matrix 
104.107 choline 104 Fe3O4 
109.030 resorcinol 81 Cu 
113.024 methylsuccinate/ethylmalonate 95, 85, 69 Ag 
119.050 tyrosol 91, 77 Cu 
119.050 tyrosol 101, 91 Ag 
121.030 p-hydroxybenzaldehyde 93, 79, 77, 63 Ag 
125.036 thymine 107, 97 Ag 
128.035 5-oxoproline 110, 84 Ag 
133.030 3-hydroxyphenylacetate 105, 89 Ag 
137.024 #-hydroxybenzoate 93 Cu 
137.025 #-hydroxybenzoate 109, 95, 93 Ag 
145.029 4-hydroxycinnamate-H2O 117, 101 Ag 
145.030 phenylpyruvate-H2O 117, 101 Cu 
145.031 phenylpyruvate-H2O 101 Ag 
146.060 quinolin-2-one 118, 103 Au 
147.045 phenyllactate (PLA) 129, 119, 103, 101 Ag 
149.024 4-hydroxymandelate 121, 105 Ag 
149.061 
3-phenylpropionate 
(hydrocinnamate) 131, 105 Cu 
149.062 
3-phenylpropionate 
(hydrocinnamate) 
131, 105 
Ag 
151.040 #-hydroxyphenylacetate 133, 123, 107 Ag 
151.040 #-hydroxyphenylacetate 125, 123, 107, 79 Cu 
155.083 valylglycine 137, 111, 109 Ag 
160.040 indole-3-carboxylic acid 116, 90 Cu 
160.042 indole-3-carboxylic acid 116 Ag 
161.024 4-hydroxyphenylpyruvate-H2O 117 Cu 
161.024 4-hydroxyphenylpyruvate-H2O 143, 117 Ag 
163.040 4-hydroxycinnamate 145, 135, 119 Ag 
163.041 phenylpyruvate 145, 119 Ag 
165.056 #-(#-hydroxyphenyl)propionate 137, 121 Cu 
165.057 #-(#-hydroxyphenyl)propionate 147, 137, 121 Ag 
168.045 indoleacrylate-H2O 140 Cu 
168.045 indoleacrylate-H2O 140 Ag 
173.056 hydantoin-5-propionic acid 155, 145 CHCA 
173.056 hydantoin-5-propionic acid 155, 145, 137 Au 
174.056 N-formylphenylalanine 146, 130 Ag 
174.056 indoleacetate 156, 130 Ag 
175.040 ferulate 147, 131 Ag 
179.036 4-hydroxyphenylpyruvate 161, 151, 135 Ag 
186.056 indoleacrylate 168, 142 Ag 
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Supplemental Table 2 continued. 
198.087 N-acetylhistidine 180, 169, 154, 139, 125 Fe3O4 
209.061 resveratrol-H2O 181, 165 Cu 
209.061 resveratrol-H2O 181, 165 Ag 
211.069 N-acetylglutamine 189, 172, 154 Fe3O4 
211.076 pinosylvin 183, 167 Cu 
211.076 pinosylvin 193, 183, 167, 153 Ag 
211.134 dodecanedioate-H2O 193, 167 Ag 
223.076 equol-H2O 195, 179 Ag 
227.064 gamma-glutamylglycine 187, 159, 144 Fe3O4 
227.071 resveratrol 209, 199, 183 Ag 
227.202 1-myristoylglycerol (14:0) 209, 183 Ag 
229.146 dodecanedioate 211, 185, 167 Ag 
241.079 gamma-glutamylalanine 218, 157, 129 Fe3O4 
241.087 equol 213, 197, 135, 121 Cu 
241.089 equol 223, 213, 197, 135 Ag 
241.217 pentadecanoate (15:0) 223, 197 Cu 
241.219 pentadecanoate (15:0) 223, 197 Ag 
253.051 naringenin-H2O 235, 225, 211 Ag 
253.051 daidzein 225, 211 Cu 
253.052 daidzein 225, 211 Ag 
253.217 palmitoleate (16:1) 209 Cu 
256.095 propionylcarnitine  200, 144, 98 Au 
267.134 threonylphenylalanine 249, 221, 120 Fe3O4 
269.046 genistein 241, 227 Cu 
269.046 genistein 241 Ag 
269.249 15-methylpalmitate 251, 225 Ag 
271.061 naringenin 253, 243, 227 Ag 
271.090 gamma-glutamylthreonine+Na 248, 230 Au 
271.228 #-hydroxypalmitate 253, 227 Ag 
279.233 linoleate (18:2) 261, 251, 235 Cu 
279.233 linoleate (18:2) 261, 235 Ag 
281.249 oleate/vaccenate (18:1) 263, 253, 237 Cu 
287.064 gamma-glutamylthreonine+K 203, 185 CHCA 
295.129 gamma-glutamylphenylalanine 277 CHCA 
295.129 gamma-glutamylphenylalanine 277, 251, 249 Fe3O4 
295.228 #-HODE 277, 251 Ag 
297.113 enterolactone 279, 269, 253 Cu 
297.113 enterolactone 279, 269, 253 Ag 
310.113 N-acetylneuraminate 292, 282, 266 Fe3O4 
311.124 gamma-glutamyltyrosine 293, 265 Fe3O4 
311.296 arachidate (20:0) 293, 267 Ag 
313.238 #,#-DiHOME 295, 269 Ag 
329.086 argininosuccinate 273, 255 Fe3O4 
339.327 behenate (22:0) 321, 295 Ag 
452.360 alpha-tocopherol 283, 165 Au 
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CHAPTER 6.    SUMMARY AND FUTURE DIRECTIONS 
Summary 
This dissertation presents advances in small molecule analysis using mass 
spectrometry and mass spectrometry imaging as well as applications of 
metabolomics analyses to further our understanding of complex biological systems.  
Traditional LC-MS and MALDI-MSI experiments were used in combination to identify 
Arabidopsides as biomarkers of a signaling pathway in Arabdiopsis plants through 
comparison of wild-type metabolite profiles to those of the mutant.  Additionally 
Arabidopsides were found to be localized to the chloroplasts using MALDI-MSI.  A 
previously developed multiplex data acquisition strategy was modified to use 
overlapping spiral steps which enabled MS and MS/MS to be obtained on a single 
tissue in a single instrument run without sacrificing spatial resolution. Six metals 
deposited via sputter coating were compared for their efficiency as matrices for small 
molecule analysis, and of these, noble metals were efficient for the broadest range 
of metabolites, even more so than traditional organic matrices.  Lastly, a microarray 
platform was developed using five optimized matrices for high-throughput MALDI-
MS analysis which was then applied to metabolomics studies of turkey gut 
microbiome samples with and without antibiotic treatment. 
 
Future Directions 
Despite the exponential growth of metabolomics analysis using mass 
spectrometry in the last decade, this technology still has a ways to go to develop the 
maturity and reliability of proteomics in systems biology studies.  The extreme 
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complexity of biological samples coupled with challenges in metabolite identification 
and reproducibility require innovative solutions to allow the continual advancement 
of metabolomics analysis.  Recent growth of this field can largely be attributed to the 
emerging recognition of the important roles small molecules play in biological 
systems.  This relatively unexplored, but increasingly important field presents a 
prime opportunity for the development and refinement of novel methodologies, 
instrumentation, software, databases, and applications.   
The methodologies presented in this dissertation, including the overlapping 
multiplex data acquisition strategy and the microarray analytical platform, would be 
amendable to a variety of novel applications.  These methods could be easily 
adapted to enable the study of a multitude of systems, for example, the overlapping 
multiplex method could be used for either MS or MSI studies where sample quantity 
is limited or highly localized metabolites were expected.  The microarray platform is 
useful for large-scale and high-throughput studies, and so could be used to study 
disease states, time-point progressions, or any sample where high individual 
variation was predicted. 
In addition to new applications, the MS- and MSI-based methods presented in 
this dissertation offer opportunities for extension or refinement.  The main limitation 
of the work presented in Chapter 3 is the identification of metabolites.  Although 
thousands of MS/MS spectra are automatically collected during the instrument run, 
very few of these metabolites are able to be identified.  Difficulties in identifying 
metabolites could be addressed through continued development of comprehensive 
MS/MS databases for a wide range of metabolites from a variety of instrument set-
151 
ups.  Further improvements to in-silico fragmentation and metabolite network 
analysis software would allow a more high-throughput identification process.  As 
more metabolites are able to be efficiently and confidently identified, the wealth of 
information provided by metabolomics experiments will grow. 
Chapter 4 (PVD of metals) and previous work in the group involving the study 
of nanoparticles as matrices focused on comparing the efficiency of these 
metals/NPs across a variety of classes of compounds.  These types of studies are 
necessary to improve the sensitivity of MALDI-MS and MSI experiments for a larger 
variety of compounds.  Additional studies to identify new matrices and determine 
their efficiency for various metabolite classes compared to currently known matrices 
would allow MALDI to expand to a wider range of compounds.  Current group work 
also involves the exploration and adaptation of derivatization methods for certain 
difficult to analyze classes of compounds.  Derivatization has long been used in 
other methods, such as gas chromatography, and can improve analyte detection in 
MALDI by improving their ionization efficiencies or decreasing their volatility (vacuum 
conditions can result in the loss of certain analytes). 
The microarray platform presented in Chapter 5 is in a proof of concept stage.  
However, we were able to demonstrate that using multiple matrices expanded the 
number of metabolites we could efficiently detect and established the utility of 
MALDI as a high-throughput method for complex samples.  Further optimization of 
the method, including data analysis, and the ability to identify more metabolites 
would advance this platform.  Additionally, incorporation of derivatization methods 
could also enhance the range of metabolites able to be detected. 
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The aim of this thesis has been to advance small molecule analyses using 
mass spectrometry and mass spectrometry imaging.  As discussed above, much 
work remains to continue to evolve metabolomics studies to enhance our 
understanding of systems biology.  Despite the significant future work, the 
methodologies and application studies presented in this dissertation represent 
advances that will increase our capabilities in small molecule analyses.  The 
applications of these methods demonstrate that metabolites are important aspects of 
any study of biological systems, and that continued efforts to advance metabolomics 
technologies will be rewarded with increased biological understanding. 
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APPENDIX:   HIGH-SPATIAL RESOLUTION MASS SPECTROMETRY IMAGING: 
TOWARD SINGLE CELL METABOLOMICS IN PLANT TISSUE 
A paper published in The Chemical Record 
The Chemical Record, 2017, 18, 65-75 
Reproduced with permission from The Chemical Society of Japan 
Rebecca L. Hansen and Young Jin Lee 
 
Abstract 
Mass spectrometry imaging (MSI) is a powerful tool that has advanced our 
understanding of complex biological processes by enabling unprecedented details of 
metabolic biology to be uncovered.  Through the use of high-spatial resolution MSI, 
metabolite localizations can be obtained with high precision.  Here we describe our 
recent progress to enhance the spatial resolution of matrix-assisted laser 
desorption/ionization (MALDI) MSI from ~50 µm with the commercial configuration to 
~5 µm.  Additionally, we describe our efforts to develop a ‘multiplex MSI’ data 
acquisition method to allow more chemical information to be obtained on a single 
tissue in a single instrument run, and the development of new matrices to improve 
the ionization efficiency for a variety of small molecule metabolites.  In combination, 
these contributions, along with the efforts of others, will bring MSI experiments 
closer to achieving metabolomic scale. 
 
Introduction 
Biological imaging has greatly advanced our understanding of complex 
biological processes.  Several recent Nobel prizes were awarded to those who 
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advanced imaging technologies to visualize fine details at cellular and subcellular 
localizations, such as the 2014 Nobel Prize in Chemistry for super-resolved 
fluorescence microscopy.  These imaging technologies, however, require the 
artificial labeling of biological macromolecules such as green fluorescence protein 
(GFP)[1], for which the 2008 Nobel Prize in Chemistry was awarded, Cy5[2], or 
citrine[3] tagging, among others[4].  Chemical or other labeling is not only difficult for 
small metabolite molecules, but may also distort the metabolism of the system, and 
requires the molecules of interest to be identified prior to the experiment.  For 
example, GFP is useful to monitor known proteins, but not for other classes of 
biomolecules. 
  Mass spectrometry imaging (MSI) has been suggested as a useful alternative 
approach as it can achieve the chemical specificity and sensitivity required for 
biomolecular imaging experiments[5-7].  It does not require labeling, so any 
compounds present on the tissue can be analyzed, which is in sharp contrast with 
most labeling-based imaging methods which necessitate a priori knowledge about 
well-defined targets.  Additionally, simultaneous imaging of hundreds of compounds 
is possible in MSI, unlike typical optical imaging where a maximum of only a few 
targets can be imaged at once by using several different fluorescent tag colors[8, 9].  
MSI can be applied to visualize the localization of any type of biomolecule, including 
proteins, but it is especially attractive for small molecule analysis as there are limited 
alternatives[10].  
In this mini-review, we will introduce our journey in developing MSI for plant 
metabolites, particularly to achieve high-spatial resolution localization of metabolites 
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at cellular and subcellular levels.  Although any desorption ionization technique can 
be combined with mass spectrometry to perform MS imaging in microprobe mode 
(e.g., by rastering the sample stage), we adopted matrix-assisted laser desorption 
ionization (MALDI).  Using MALDI, the laser can be focused to micron size, thus 
reducing the sampling area (i.e. the possible spatial resolution) down to subcellular 
sizes.  While the use of an ion beam, as in secondary ion mass spectrometry 
(SIMS), can further reduce the sampling size to the submicron scale, it fragments 
molecules into atoms and therefore is not useful for most biological imaging.  Static 
SIMS using cluster ion beams has shown to be useful for molecular imaging with 
spatial resolutions typically about 1-5 microns.  Submicron spatial resolution imaging 
of intact molecules has been reported using TOF-SIMS[11], but often sacrifices 
sensitivity and mass resolution.  Earlier achievement of single-cell level plant 
imaging by other groups includes matrix-free LDI by Hölscher et al.[12], and laser 
ablation electrospray ionization (LAESI) by Li et al.[13]; however, the spatial 
resolution was limited in these approaches. 
 In addition to reducing the laser spot size to achieve high spatial resolution, 
we have identified two major hurdles in current MSI practices.  One is the ability to 
identify unknown compounds directly on the tissues without chromatographic 
separation, and the other is the limited sensitivity in small sampling sizes.  We have 
developed a 'multiplex MS imaging' technique to address the former issue[14-16], and 
developed various new matrices to address the latter[17, 18].  We have divided this 
review into three major subjects describing our efforts: 1) to achieve small laser spot 
sizes, 2) to develop multiplex MS imaging, and 3) to expand the variety of currently 
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available matrices.  The work of others is briefly mentioned only when necessary to 
better understand our work. 
 
High-Spatial Resolution Mass Spectrometry Imaging 
Mass spectrometry imaging of biological samples has led to unprecedented 
information and insight into the spatial distribution of metabolites for an overall better 
understanding of physiological processes.  Spatial resolution in MALDI MS imaging 
is determined by several factors, but is largely governed by two main variables: 1) 
the laser spot size and 2) the choice of matrix and its application (i.e. choosing an 
appropriate matrix for analytes of interest and homogeneity when applied to the 
tissues).  To this end there have been many efforts to reduce laser spot sizes for 
MALDI imaging, especially over the last decade.  Methods include using a pinhole[19, 
20], multiple focusing lenses[21] or beam expanders, modifications to beam-delivery 
optics, coaxial laser illumination[22], oversampling[23], optical fibers[24], and 
transmission geometry setups[25].  For a Gaussian shape laser beam, the diffraction-
limited spot size is defined by the following equation[20]: 
𝐷𝑠  =  𝑀
2
4
𝜋
𝜆
𝑓
𝐷𝑏
1
𝑐𝑜𝑠𝜃
 
where Ds is the diffraction-limited spot size, M2 is the beam quality factor, λ 
represents the laser wavelength, f is the focal length of the focusing lens, Db is the 
input beam diameter, and θ represents the incident angle of the laser beam on the 
sample.  As some instrument parameters cannot be easily changed for a given 
commercial instrument (λ, θ), the other parameters (M2, f, Db) are often modified to 
achieve small laser spot sizes.  It should be noted that the laser spot size is also 
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affected by the fluence for a Gaussian laser (i.e. a higher fluence results in the 
desorption of molecules from a larger area) and so a laser energy slightly above the 
threshold should be used to minimize the spot size.   
 
Narrow Diameter Optical Fiber for ~12µm Laser Spot Size 
One early method our group employed to achieve high spatial resolution was 
via optical fibers[24].  In the linear ion trap mass spectrometer with a MALDI source 
(vMALDI LTQ; Thermo Finnigan), the original setup utilized a 200 µm i.d. optical 
fiber to guide the laser beam from the laser source to the ion source of the mass 
spectrometer.  To achieve higher spatial resolution, the original optical fiber was 
replaced with 25 µm core multimode optical fiber resulting in a laser spot size of ~12 
µm, as measured from a burn mark on a thin film of α-cyano-4-hydroxycinnamic acid 
(CHCA).  One important consideration with this method is a rapid decrease in the 
laser output as smaller optical fibers are used, necessitating higher laser powers to 
achieve sufficient analyte signals which may result in damage to the optical fiber. 
 
Beam-Delivery Optics Modifications for ~9µm Practical Laser Spot Size 
High mass resolution and MS/MS capability are critically important to the 
ability to accurately identify compounds.  Although some compounds have 
diagnostic MS/MS spectra, high-resolution mass spectrometry (HRMS) provides 
important information, such as chemical compositions, that helps to compensate for 
the lack of chromatographic separation in MS imaging.  Additionally, high mass 
resolution is important when searching databases for potential metabolites.  In order 
to have these two abilities, in 2009 we purchased a MALDI-ion trap-Orbitrap 
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(Thermo Finnigan) that had just become commercialized at the time.  This new 
instrument does not use optical fibers, but a set of optical lenses, to deliver the laser 
beam.  The original N2 laser of this instrument does not provide a Gaussian beam 
profile, but rather a 50-70 µm elliptical shape which was not appropriate for our 
intention to achieve cellular and subcellular level spatial resolution.  In our initial 
work, we used a high-power Nd:YAG laser (Quantel; maximum output of 1.4 
mJ/pulse) with a deflector to divert 90% of the laser beam.  Using a 10x beam 
expander (for a ten times larger Db), we were able to achieve an ~10 µm laser spot 
size[14], demonstrating the potential for high spatial resolution.  
 In a later work[26], we used a diode-pumped Nd:YAG laser (Elforlight; 
maximum output of ~200 µJ/pulse) to better control the laser energy for MALDI 
experiments.  Here we made three modifications to reduce the laser spot size based 
on the optical design used by the Caprioli group[20, 27], 1) improving the beam shape 
(M2), 2) expanding the beam prior to focusing (Db), and 3) reducing the focal length 
(f=125 to 100 mm).  The laser beam initially has a diameter of ~1.2 mm, and after 
passing through a home-built beam expander consisting of a focus lens, a pinhole, 
and a collimating lens, the beam diameter was ~11 mm (Db).  For this input beam 
diameter with a 100 mm focal length lens, we were able to achieve a laser spot size 
as small as ~5 µm.  This matches the calculated minimum spot size when M2 = 1, λ 
= 355nm, and θ = 32°.  However, at this low laser energy we could not achieve 
sufficient ion signals and for experimental purposes we had to increase the laser 
energy, which resulted in a practical laser spot size of ~9 µm[26].  
159 
Nevertheless, combined with an oversampling method, we could obtain 5 µm 
spatial resolution MS images of a maize leaf with distinct localizations of various 
metabolites (Figure 1).  For example, some flavonoids (luteolin/kaempferol and rutin) 
are localized in the upper and lower epidermal cells, but maysin is uniquely localized 
in only the upper epidermal cells, presumably due to its anti-insect herbivory 
properties.  In contrast, chloroplast membrane lipids (e.g., phosphatidylglycerol (PG) 
and sulfoquinovosyl diacylglycerol (SQDG)) are present only in the photosynthetic 
mesophyll or bundle sheaths cells.  Interestingly, 2-hydroxy-7-methoxy-1,4-
benzoxazin-3-one glucoside (HMBOA-Glc) and 2,4-dihydroxy-7-methoxy-1,4-
benzoxazin-3-one glucoside (DIMBOA-Glc) are detected in the mesophyll, as 
previously reported, but only between the vascular bundles.  These localizations 
cannot be detected with a traditional single cell sorting technique followed by 
metabolomics analysis, suggesting the importance of direct in situ analysis. 
 
Simple, Interchangeable, Multi-Resolution Optical System with 4µm Laser Spot 
Size 
Most recently our group has further modified our optics setup to achieve a 
practical laser spot size of ~4 µm which enabled 4-5 µm spatial resolution imaging to 
be accomplished without the need for oversampling[16].  In the previous work, a 
home-built Keplerian optical configuration was used as a beam expander, but this 
work uses a commercially available Galilean configuration beam expander to 
simplify the optics.  In addition, a 1 mm pinhole was utilized instead of the 25 µm 
pinhole due to the difficulties in optical alignment with such a small pinhole, although 
the larger pinhole does not remove all the non-Gaussian beam components.  Spatial 
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resolutions of 5 µm, 10 µm, or 50 µm, with laser beam sizes of ~4 µm, ~7 µm, or ~45 
µm, can be achieved by using a 10x, 5x, or no beam expander, respectively (Figure 
2).  The commercial beam expanders are simply inserted or removed from the beam 
path with a locking screw.  This modification results in a substantial benefit; a simple 
system to quickly adjust the laser spot size for different applications.  The final 
modification in this work was to reduce the final focal length to 60 mm, the shortest 
possible distance from the MALDI plate without modifying the mass spectrometer ion 
optics.  The diffraction-limited spot size in this setup is calculated to be 3.2 µm, and 
the smallest spot size we achieved was ~3.4 µm, for which there was some ion 
signal.   Even when a higher laser energy was used for practical applications, the 
laser spot size was increased only marginally to ~4 µm. 
 Figure 2 shows the application of this system to a maize root cross-section 
and compares MS images for three different spatial resolutions.  While analyte 
localizations can still be seen at 50 µm resolution, it is only once you employ the 
higher spatial resolutions (e.g. 10 µm or 5 µm) that fine localization information is 
revealed.  For example, at 50 µm resolution m/z 365.102 (a disaccharide) appears to 
be homogeneously distributed in the stele, but at the higher spatial resolutions it can 
be determined that it is localized within the xylem of the stele, as well as the large 
porous region of the cortex.  This type of localization information can also be 
determined for other small metabolites, such as m/z 184.072 (phosphocholine) and 
m/z 426.077 (HDMBOA-Glc). 
 One limitation of this high-resolution setup is a depth of focus issue that is 
especially apparent with the 10x beam expander.  Different positions on the MALDI 
161 
plate as well as variations in tissue thicknesses result in different laser spot sizes.  
Although the use of the 5x beam expander results in a slightly lower spatial 
resolution, the laser spot size is much more reproducible across multiple plate 
positions and variations in tissue thickness.  This depth of focus issue could be 
overcome to a certain degree if an aspheric lens with a 60 mm focal length was 
commercially available.  An additional consideration with high spatial resolution 
imaging is the reduced sampling volume and thus limited amounts of analytes 
available for analysis[28].  Therefore, as spatial resolution increases, the ability to 
detect low abundance ions decreases, and so for some applications more moderate 
spatial resolution experiments may be more practical.  
 The highest spatial resolution we are capable of attaining, 3-4 µm, is among 
the best currently available in MALDI-MSI, and there are only two other groups who 
have this ability, the Caprioli and Spengler groups.  Spengler’s group achieved high 
spatial resolution using an atmospheric pressure MALDI source by modifying the 
laser-focusing optics and using an aperture to remove peripheral laser intensity[29].  
A capillary was bored through the center of the final focusing lens to coaxially deliver 
the ions and achieve a final spatial resolution of ~3 µm[29].  The Caprioli group 
achieved a 5 µm laser spot size using a similar approach to ours[27], and ~1 µm laser 
spot size with transmission geometry[30]. 
 
Multiplex Data Acquisition for MS/MS in Metabolomics Experiments 
Traditionally most metabolomics type experiments have been done using gas 
chromatography-electron ionization-mass spectrometry (GC-EI-MS) or liquid 
chromatography-tandem mass spectrometry (LC-MS/MS) platforms.  These 
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techniques require sample homogenization which loses important spatial 
information.  Mass spectrometry imaging can provide this missing localization 
information, but lacks the benefit of chromatographic separation and there is often 
difficulty confidently assigning metabolite identities.  Tandem mass spectrometry 
(MS/MS or MSn) allows for confident metabolite identifications, but in mass 
spectrometry imaging this requires multiple tissue sections.  This results in increased 
data acquisition time and can be problematic when samples are limited.  One 
solution to this is the use of a multiplex data acquisition method which allows 
multiple data acquisition types to be incorporated in a single instrument run. 
 
Imaging MS Method for More Chemical Information in Less Acquisition Time 
Imaging experiments involving high-resolution mass analyzers (HRMS; e.g. 
Orbitrap) inherently take more time than time-of-flight (TOF) or other lower resolution 
mass analyzers (e.g. linear ion trap), and as higher spatial resolution capabilities 
become more common, even more analysis time will be needed.  In consideration of 
this limitation, we developed a multiplex data acquisition method using a hybrid 
linear ion trap-Orbitrap instrument to both reduce the data acquisition time and 
provide more chemical information.  A typical mass spectrometry imaging 
experiment involves collecting a spectrum of a single scan type at every raster 
position.  A multiplex data acquisition, however, involves splitting each raster step 
into several spiral steps; each spiral step is then assigned a different scan type (e.g. 
MS, MS/MS, or MSn)[14] (Figure 3a).  The various scan types are then repeated in a 
periodic fashion at each raster step.   
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 In this work, the incorporation of three ion trap (IT) scans after one Orbitrap 
(FT) scan resulted in a 43% reduction in analysis time compared to Orbitrap only 
scans.  More importantly, multiplex data acquisition allows MS and MS/MS or MSn 
scan events to be combined in a single experiment.  This method allows both 
metabolite images as well as structural information to be obtained with one tissue 
sample.  An example of this is shown in Figure 3b for an Arabidopsis thaliana flower 
petal.  The FT MS image of m/z 447.091 could correspond to either quercetin-3-O-
rhamnoside (Q-Rha) or kaempferol-3-O-glucoside (K-Hex), which cannot be 
distinguished as they are structural isomers.  MS/MS imaging of their distinctive 
fragment ions (m/z 285 and 301) allows these metabolites to be distinguished and 
reveals their unique localizations.  Furthermore, using MS3 imaging, localization 
differences of even more complex structural isomers (e.g. Q-Rha-Rha and K-Rha-
Hex) could be determined (Figure 3c).  
Data-dependent multiplex MS imaging experiments can be also performed for 
the analysis of tissue samples when little or no information is available about 
metabolites present.  In this method the instrument selects ions based on the 
precursor MS scan on the fly, and collects MS/MS spectra in the subsequent spiral 
steps.  With this method it is possible to obtain thousands of MS/MS spectra in a 
single experiment.  Dynamic exclusion, precursor and exclusion mass lists, and 
other parameters can be optimized to obtain as many MS/MS spectra as possible 
while excluding known contaminants and ensuring collection of MS/MS spectra for 
metabolites of interest (if known).  Data-dependent multiplex acquisition allows high-
mass resolution MS spectra and many MS/MS spectra to be efficiently collected in a 
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single imaging experiment.  Although this method does increase the amount of 
information obtained in a single experiment, it does come at a cost of decreased 
spatial resolution in the MS scans.   
In addition to plant tissues, we have also demonstrated multiplex MS imaging 
for the analysis of latent fingerprints[31].  Latent fingerprints are an excellent example 
of limited sample availability as oftentimes there is only one or a partial fingerprint 
available for analysis, and in this case simultaneous MS and MS/MS acquisition 
would be important.   
 
Multiplex Imaging with Polarity Switching 
Mass spectrometric measurements are typically performed in a single 
polarity, either positive mode or negative mode.  However, most analytes are 
detected with high sensitivity in one mode and significantly suppressed in the other 
mode.  This is due to the chemical nature of the compounds: e.g., acids are easily 
deprotonated, thus sensitively detected in negative mode, and bases are easily 
protonated, thus efficient in positive mode.  Therefore, comprehensive 
understanding of metabolome or lipidome profiles ideally requires data acquisition in 
both positive and negative ion modes.  Commercial electrospray ionization (ESI)-MS 
instruments have recently become available with the ability to change polarity during 
a run (i.e. positive mode in one second and negative mode the next second), 
enabling LC-MS data to be acquired in both modes.  
 There is no instrument designed for polarity switching in MALDI-MS; however, 
we were able to incorporate the concept of polarity switching in MALDI-MSI by 
extending the multiplex data acquisition method to include both positive and 
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negative ion modes on a single tissue section[15].  Typically, this would be 
accomplished by imaging two separate tissue samples, one in each polarity.  This 
requires twice as many samples and sample preparation/data acquisition time, as 
well as the need to correlate features on different images.  In this proof of concept 
experiment, each raster step was split into 9 spiral steps.  We acquired a HRMS 
scan and 4 MS/MS spectra in positive mode followed by a polarity switch to negative 
mode, and then a HRMS scan and 3 MS/MS were acquired in negative mode before 
the polarity was switched back to positive mode to start the next raster step.  The 
limitation of this approach is the dead time of ~7 seconds between each switch; a 
safety wait-time for the Orbitrap high voltage to turn off before switching to the 
opposite polarity.  Although this was reduced to ~5 seconds using a special software 
patch from the manufacturer, it still resulted in a total dead time of 10.8 h out of a 
total data acquisition time of 18.4 h.  The adoption of dual high voltage supplies, as 
in commercial ESI-Orbitrap instruments, could almost completely remove this dead 
time.  Another minor disadvantage is the systematic mass shift, up to ~25 ppm, that 
results from data acquisition before the high voltages are completely stabilized, 
however this is easily corrected through mass calibration with known compounds.  
Despite some limitations, we successfully applied this approach to visualize various 
membrane lipids in mouse brain sections, both in positive and negative mode, as 
well as acquire MS/MS spectra for selected lipids in a single imaging experiment. 
 
Building Toward Metabolomic Scale MS Imaging 
The molecular coverage of MSI is often limited to a handful of compounds 
which is not sufficient to understand the overall metabolomic changes of a biological 
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system.  This limitation is a result of two main factors: lack of chromatographic 
separation and matrix-dependent analyte selectivity.  To overcome these limitations, 
we proposed a MSI methodology that combined multiplex MS imaging data 
acquisition with multiple matrices on consecutive tissue sections to increase the 
diversity of chemical compounds that could be imaged and identified[32].  In a simple 
sense, we used the natural localization and matrix-dependent selectivity of analytes 
as a way of separation, and therefore utilized multiplex MS imaging to perform an 
LC-MS/MS-like experiment.  This approach could eventually lead to untargeted 
metabolomics analysis using MSI with continued successes in increasing metabolite 
coverage. 
 In this proof of concept experiment, a simple four spiral step pattern was used 
for each raster step that consisted of a HRMS scan in the low mass range (m/z 50-
800), a data-dependent MS/MS scan of the low mass precursor, a HRMS scan for 
the high mass range (m/z 600-1600), and a data-dependent MS/MS scan for the 
high mass precursor.  Six serial tissue sections of a germinated maize seed, 3 in 
positive (2,5-dihydroxybenzoic acid (DHB), Fe3O4 nanoparticles (NPs), WO3 NPs) 
and 3 in negative (1,5-diaminonaphthalene (DAN), 9-aminoacridine (9-AA), Ag NPs), 
were analyzed with this data acquisition method.  In the end, 104 and 62 unique 
analytes with high-quality MS/MS spectra were obtained in positive and negative 
mode, respectively.  Additionally, over five hundred unique features were detected 
based solely on accurate mass.  We were also able to demonstrate the potential of 
this technology to better understand metabolic biology by visualizing the metabolite 
localizations in the glycolysis pathway and tricarboxylic acid cycle (Figure 4).  The 
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current limitations of this methodology include 1) the lack of sensitivity for diverse 
analytes due to the analyte-selectivity of currently available matrices, 2) difficulties 
with MS/MS efficiency, and 3) the lack of a reliable MS/MS database to improve the 
throughput and confidence of metabolite identification.   
 
Multiplex Data Acquisition without Sacrificing Spatial Resolution 
One major limitation with multiplex MSI is the loss of spatial resolution as a 
result of the increased number of spiral steps, which limits its applicability to high 
spatial resolution imaging.  To this end, we have adapted this data acquisition 
method to utilize overlapping, rather than spatially separated, spiral steps in order to 
not sacrifice spatial resolution (unpublished; manuscript submitted).  It is known that 
tissue damage is often minimal with MALDI-MSI, and it has been demonstrated that 
histochemical staining is possible after matrix removal[33].  Hence, as long as there is 
enough matrix remaining, multiple MS and/or MS/MS spectral acquisitions should be 
possible on the same sample spot.  In this overlapping multiplex MS imaging 
method, complete overlap was not possible due to a built-in software limitation, so a 
1 µm shift between spiral steps was used.  
In a proof-of-concept experiment with standards there was a gradual signal 
decrease with multiple data acquisitions, as expected.  However, at the 5th spiral 
step, signal intensities remained anywhere between 6-32% of the signal intensity at 
spiral step #1, depending on the matrix and analyte.  A four-spiral step overlapping 
multiplex method was then applied to the 10 µm spatial resolution analysis of a 
maize leaf cross section.  We successfully demonstrated that high-spatial resolution 
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can be maintained with both high- and low-mass range HRMS, while also acquiring 
hundreds of high-quality MS/MS to aid in the identification of visualized metabolites.   
 
Development of New Matrices for High-Spatial Resolution Imaging 
In MALDI-MSI, the choice of matrix is critically important to the types of 
compounds that can be efficiently desorbed and ionized.  While the exact effect of 
matrices on the desorption/ionization process is not well understood, it is known that 
different matrices preferentially ionize different classes of compounds[34].  For 
example, CHCA is commonly used for peptides and small proteins and 
trihydroxyacetophenone (THAP) is well known for oligosaccharides.  Effective 
matrices should have good laser absorption, high vacuum stability, no or minimal 
matrix interference, and be homogeneously deposited.  Traditional organic matrices 
such as CHCA, THAP, DAN, and DHB have been most widely used; however, 
inorganic nanoparticle matrices, such as Ag or Au NPs, TiO2 NPs, and carbon-based 
NPs, have recently gained popularity.  For the analysis of low-molecular weight 
compounds (m/z < 500) using traditional organic matrices, interference from matrix-
related ions can be especially significant, and so many efforts have been aimed at 
the development of novel matrices for this low mass range. 
 
Studies by Others for Small Molecule Matrices 
Most current high spatial resolution non-MS approaches to small molecule 
analysis are tailored to analyze a specific metabolite, not broad classes of 
compounds as metabolomics type experiments require.  Mass spectrometry imaging 
has the ability to analyze hundreds of compounds in one experiment, but oftentimes 
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the types of molecules that are effectively analyzed are limited by the matrix chosen.  
Thus, development and characterization of efficient matrices that can be used to 
analyze a wide variety of metabolites in the low mass range is essential. 
Negative mode MS analysis is particularly useful as many small molecule 
metabolites are acidic and can be readily detected in this mode.  One important 
organic matrix for negative mode analysis of small molecules is 9-AA.  9-AA is a 
moderately strong base and it readily abstracts a labile proton from the small 
molecule producing the deprotonated species, [M-H]-.  This matrix was successfully 
demonstrated for low molecular weight compounds with acidic protons such as 
pesticides and benzodiazepines[35].  It has also used in yeast single cell analysis to 
effectively ionize species such as ADP and acetyl-CoA, which are important energy-
related compounds[10].  Another basic matrix suggested for negative mode analysis 
was 1,8-bis(dimethyl-amino)naphthalene (DMAN).  DMAN produced no significant 
background peaks and was demonstrated to analyze fatty acids, amino acids, 
vitamins, and plant hormones[36].  Despite its success in ionizing these types of 
compounds, it was found to be extremely volatile which lead to significant 
contamination and thus was not suitable for longer measurements, such as in MS 
imaging[37].  A new strong base matrix, 1,8-di(piperidinyl)-naphthalene (DPN), has 
been recently developed to avoid this issue[38]. 
 Nanoparticles have also been used as matrices for small molecule analysis in 
LDI-MS, or nanoparticle-assisted laser desorption/ionization (NALDI) mass 
spectrometry[39].  NP matrices, in contrast to organic matrices, generally do not have 
significant background in the low mass range which makes them very useful for 
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small molecule analyses.  For example, Shrivas et al. reported the use of TiO2 
nanoparticles for imaging low molecular weight metabolites (LMWM) in mouse brain 
tissues[40].  The TiO2 NPs enabled the detection of more unique LMWMs than with 
DHB (179 vs 4).  Silver NPs have been successfully used for the visualization of 
fatty acids in mouse liver and retinal samples, which were not detected using a 
traditional organic matrix, DHB[41].  Recently, graphene oxide was demonstrated for 
imaging LMWM and lipids in negative ion mode on mouse brain tissue[42].  In this 
work, 212 out of 596 potential small molecule metabolites, including lipids, were 
successfully identified through database searches.  Nanopore surfaces, such as 
desorption/ionization on silicon (DIOS)[43], nanostructure-initiator mass spectrometry 
(NIMS)[44], and silicon nanopost array (NAPA)[45], can also be used for small 
molecules analysis.  These surfaces also do not display any matrix background, but 
they have a significant limitation for tissue analyses; the laser beam must penetrate 
the tissue before it can be absorbed by the underlying nanopore surface.  This 
generally requires the tissue to be very thin (< 5 µm), although NAPA was 
successfully demonstrated for 10 µm thick tissue imaging[46].  Bionanostructured 
surfaces, such as those from microalgae cell walls or commercialized celite, have 
also been used as matrices in LDI-MS[47]. 
 
1,5-diaminonaphthalene (DAN) for MALDI-MS of Small Molecules 
DAN had previously been reported as an effective matrix for phospholipids[48], 
as well as other higher molecular weight compounds, but had not been reported for 
low-molecular weight (LMW) analytes (MW < 600 Da).  As DAN has a high basicity 
and minimal matrix peaks, we tested DAN for the analysis of LMW compounds in 
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negative mode, and compared its effectiveness to 9-AA, CHCA, and DHB [18].  In the 
application to LMW standards, CHCA and DHB spectra are largely dominated by 
matrix peaks and 9-AA induces significant fragmentation of phosphorylated 
nucleotides.  DAN displayed higher signal intensities for small acids, phosphate 
containing compounds, and amino acids, although 9-AA showed higher efficiency for 
UDP-glucose.  For lipid standards, both DAN and 9-AA were efficient; however, 9-
AA had significant signal suppression for some phospholipids.  Finally, when applied 
to maize leaf cross-sections, DAN was successfully able to visualize a variety of 
metabolites including amino acids, small organic acids, flavonoids, benzoxazinoids, 
and sulfolipids.  These metabolites were imaged with distinct localizations at a 
generally higher signal intensity than with 9-AA, thus demonstrating the utility of 
DAN as a MALDI matrix for small metabolites.  Now DAN has become one of our 
matrices of choice for negative mode analysis. 
 
Large Scale Nanoparticle Matrix Screening for Small Molecule Analysis 
The use of nanoparticles as matrices for LDI-MS analysis dates back to 
Tanaka’s work with cobalt powder for protein analysis[49], but NPs have gained 
renewed attention in recent years with the increased availability of various synthetic 
routes.  NPs are vacuum stable, have good UV laser absorption, can be 
homogeneously applied, and generally have little to no matrix background in the low 
mass region.  Despite these advantages, most studies have focused on the 
application of one or two NPs to a limited number of compounds, and there had 
been no large-scale, systematic study comparing many NPs for a range of small 
molecules.  
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 In order to gain a better understanding of the overall trends in the analyte-
selectivity of NPs, we performed a large-scale screening of NPs for MALDI-MS 
applications.  In this work, thirteen NPs, including metal oxides, carbon-based, and 
metal NPs, were compared for the analysis of two dozen small molecule 
metabolites, including small organic acids, phosphate-containing compounds, 
sugars, amino acids, a vitamin, a terpene, a fatty acid, and phospholipids[17] (Figure 
5).  Select organic matrices were also included for comparison: DHB and DAN in 
positive mode and DAN and 9-AA in negative mode.  In positive ion mode, 
nanoparticles generally outperform organic matrices.  In negative mode, DAN is 
more efficient for most analytes, although some NPs show comparable signals.  We 
anticipate that these screening results, which indicate the effectiveness of the NPs in 
the analysis of different classes of compounds, will be useful in the selection of 
matrices for particular applications.  
We proposed a thermal desorption model modified from Schurenberg et al.[50] 
that partially explains the nanoparticle-assisted laser desorption ionization (NALDI) 
efficiencies of metal oxide and diamond NPs.  Briefly, these NPs have good laser 
absorption, high heat capacity, and low thermal conductivity which enables them to 
be heated to high temperatures and thus allows efficient desorption of nearby 
analytes.  Some trends in Figure 5 can be qualitatively explained by this model.  For 
example, WO3 NPs have the lowest thermal conductivity among the studied NPs, 
resulting in the highest temperatures and the most observed fragmentation of some 
metabolite standards.  Some observations, such as analyte-dependent specificities, 
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however, cannot be explained with this model suggesting that other factors, such as 
surface adsorption also play a role.  
 Capping with organic compounds is commonly used for metal NPs due to 
their tendency to aggregate; however, capping can often result in significant 
interference and ion suppression in small molecule analysis[51].  In this study, we 
used non-capped metal NPs suspensions that were prepared immediately before 
spray-deposition.  This resulted in partial success, although some aggregation was 
apparent and caused signal loss, especially as the time between suspension 
preparation and spray deposition increased.  An alternative to NP suspensions is the 
use of physical vapor deposition (PVD) (or sputter coating) to create NPs in situ, 
which has been demonstrated for Pt[52, 53], Au[54, 55], and Ag[56-58].  We are currently 
working to compare several metal NPs produced via PVD for their efficacy in small 
molecule analysis. 
 
Binary Organic-Inorganic Matrix Mixture 
Due to the matrix selectivity of MALDI analyses, it is difficult to obtain 
complete metabolite profiles with a single analysis.  One way to visualize a wider 
range of metabolites is to use multiple matrices on serial tissue sections as we have 
previously discussed[32].  This approach, while useful, increases analysis time and 
sample consumption.  Another method is to use combinations of matrices, so-called 
binary matrices, such as a mixture of DHB and CHCA[59] or Fe3O4 NPs 
functionalized with CHCA or DHB[60], among others. 
 The suppression of TAGs by PCs is a well-known issue in MALDI 
analyses.  Currently, DHB is the most commonly used matrix for the analysis of PCs, 
174 
but is not an effective matrix for TAGs.  In our nanoparticle screening, we found 
Fe3O4 NPs were a good matrix for TAGs, but PCs were significantly suppressed.  
This issue is a serious limitation for any study that requires the simultaneous 
analysis of TAGs and PCs, such as TAG synthesis in plants where PCs are an 
intermediate in the pathway.  To overcome this limitation we have developed a 
simple binary matrix mixture consisting of non-functionalized Fe3O4 NPs and DHB 
that enables the efficient detection of both species in the same sample[61].  The 
binary matrix was compared to DHB or Fe3O4 NPs only first with a PC and TAG 
standard mixture, then for TAG and PC analysis in a germinated maize seed.  As 
expected, DHB efficiently ionized PCs but not TAGs, Fe3O4 NPs were efficient for 
TAGs but not PCs, and the binary matrix could effectively ionize both lipid species.  
Additionally, phosphatidylethanolamine (PE), phosphatidylinositol (PI), and 
digalactosyldiacylglycerol (DGDG) lipid species that are efficiently ionized by Fe3O4 
NPs were also efficiently detected with the binary matrix.  Particularly interesting, 
large polysaccharide species were much more efficiently detected with the binary 
matrix than with either of the two matrices individually, suggesting a synergistic 
effect of the binary matrix.  When a multiplex MS imaging approach was adopted, 
the binary matrix was able to produce more high quality MS/MS spectra (5026 from 
79 unique compounds) compared to DHB (4458 from 60 unique compounds) or 
Fe3O4 (2915 from 64 unique compounds) further emphasizing the utility of this binary 
matrix. 
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Matrix Recrystallization of Lipids for High-Spatial Resolution 
A critical consideration of high spatial resolution MSI is the limited amount of 
analytes present in a small sampling area. Thus, it is important to develop sample 
preparation methods to enhance ion signals without analyte delocalization.  
Sublimation of organic matrices produces very small crystal sizes, but can display 
poor sensitivity due to the lack of analyte incorporation into the crystals[62, 63].  It has 
been demonstrated that a recrystallization step can enhance the sensitivity of 
proteins without inducing delocalization of analytes[64], but this has been 
demonstrated only for animal tissues. We successfully applied this recrystallization 
strategy to plant tissues with DAN as a matrix and demonstrated no delocalization 
was present at 10 µm spatial resolution[65].  Recrystallization with 5% isopropyl 
alcohol at 55 °C for 2 minutes was most optimal and increased ion signals by three 
times when applied to the imaging of maize leaves.  More importantly, we found 
methanol was not a good recrystallization solvent due to side reactions with 
phosphatidic acids, indicating some care must be taken when using recrystallization 
methods. 
 
Summary and Outlook 
We have successfully achieved five micron high-spatial resolution MS 
imaging using a four micron laser spot size and demonstrated the utility of this 
optical setup for imaging maize root cross sections.  We anticipate three micron MS 
imaging could be possible if further optics modifications were made to obtain a 2-2.5 
µm laser spot size.  Robust identification of metabolites will be a primary challenge 
for mass spectrometry imaging moving forward, particularly in plants as it is 
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anticipated that over 200,000 metabolites are present in the plant kingdom, with the 
majority of them currently unknown.  Accurate mass information combined with 
MS/MS data will be able to partially overcome this limitation.  The multiplex imaging 
approach that we have developed and demonstrated for a variety of applications will 
be particularly useful to obtain this information.  Along with MS imaging, in-parallel 
metabolomics analysis using traditional approaches (i.e. GC-MS or LC-MS/MS) 
might be necessary for the confident identification of some of these compounds.  
Additionally, the continuous development of new matrices will be necessary as the 
greatest limitation in sensitivity comes from deficiencies in ionization efficiency. 
When we started this project in 2008, we were advised not to use the term 
'metabolomics', which was thought to be impossible in MS imaging.  After more than 
a decade of the '-omics' boom, we all recognize that it is impossible to achieve a 
'complete collection' of all small molecules or proteins (i.e. ‘true’ metabolomics or 
proteomics).  Therefore, metabolomics now often simply represents a 'large scale 
analysis of metabolites'.  As we demonstrated in our recent work, MS imaging in the 
metabolomics scale is not very far away and could be accomplished in the near 
future.  Once this is achieved, MS imaging in the metabolomics scale will have the 
added benefit of allowing differentiation of metabolites at the cellular or subcellular 
level through high-spatial resolution imaging.  Some serious bottlenecks need to be 
overcome, however, to achieve metabolomics scale MSI, which include robust 
identification of unknown metabolites and further development of new matrices to 
allow better visualization of more classes of compounds.  In terms of metabolite 
identification, recently there has been a surge in the development of annotation tools 
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such as MetFrag, iMet, CFM-ID, and MS-FINDER, among others, that are 
searchable based on in silico MS/MS fragmentation which will prove useful for 
increasing metabolite identifications [66-69]. Along with various innovations in 
genomics technologies, high-spatial resolution MSI will revolutionize our 
understanding of the cooperative and antagonistic effects among metabolites, which 
are programmed by the genetics of multicellular organisms, by revealing 
unprecedented details of metabolic biology. 
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Figures 
 
Figure 1.  Optical image and MS images of various metabolites in a maize leaf cross 
section obtained at 5 µm spatial resolution using a ~9 µm laser spot size and 
oversampling.  Signals are normalized to the TIC at each pixel.  Maximum values 
vary for each images.  HexP = hexose phosphate, Hex2 = hexose disaccharide, PG 
= phosphatidylglycerol, SQDG = sulfoquinovosyl diacylglycerol.  Reproduced with 
permission from ref. [24]. 
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Figure 2. a) Optical image of maize root cross-section with morphologic features 
labeled.  b) Optical image of maize root cross-section after all three imaging runs.  
The 10x beam expander run is shown in yellow, the 5x in red, and the no beam 
expander in green. c) Combination images of three MS images with different false 
colors.  The 5 µm resolution image is enlarged to show fine localization information.  
The max values used in generating the 5 and 10 µm resolution images are 1 x 106, 5 
x 105, and 6 x 104 for m/z 184.072, 365.102, and 426.077, respectively, whereas 10 
times higher max values are used for 50 µm resolution images.  The scale bar is 100 
µm.  Reproduced with permission from ref. [14]. 
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Figure 3. a) Illustration of spiral and raster step plate motions.  Separate mass 
spectrometric scan events can be defined for each spiral step and are repeated at 
each raster pixel. b)  FTMS image (left) of m/z 447.091 which can represent either 
quercetin-3-O-rhamnoside (Q-Rha) or kaempferol-3-O-glucoside (K-Hex).  
Corresponding MS/MS images (top right) of the K fragment ion (m/z 285) and the Q 
fragment ion (m/z 301) enable localizations of structural isomers to be determined.  
The MS/MS spectrum of the whole petal is shown on the bottom right.  Scale bar 
represents 200 µm.  c) Differentiation of structural isomers of m/z 593 using MS3 
images.  Neither the FTMS or MS/MS images can differentiate the isomers.  The 
MS3 images however show clear localization differences for the structural isomers.  
Reproduced with permission from ref. [12]. 
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Figure 4. a) Images of metabolites involved in the glycolysis pathway.  G6P = 
glucose g-phosphate, F6P = fructose g-phosphate, F 1,6BP = fructose 1,6-
bisphosphate, GADP/DHAP = glyceraldehyde 3-
phosphate/dihydroxyacetonephosphate, 1,3 BGP = 1,3 bisphosphoglycerate, 
2PG/3PG = 2- and 3-phosphoglycerate, PEP = phosphoenolpyruvate. b) Images of 
metabolites involved in the TCA cycle. Reproduced with permission from ref. [29]. 
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Figure 5.  Summary of nanoparticle screening for small molecule metabolite 
analysis.  Ion signals are normalized to the highest ion signal for each analyte and 
shown as a heat map.  WO3 NPs have significant matrix background in negative 
mode and were not used for the final screening.  An asterisk indicates a fragment 
ion with the precursor shown in parenthesis. Pcho = phosphocholine, PEP = 
phosphoenolpyruvic acid, G3P = glycerol 3-phosphate, G6P = glucose-6-phosphate, 
PA = phosphatidic acid, PC = phosphatidylcholine, TAG = triacylglycerol, DAG = 
diacylglycerol, PE = phosphatidylethanolamine, PG = phosphatidylglycerol, and PI = 
phosphatidylinositol.  Reproduced with permission from ref. [15]. 
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